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1 Summary-Zusammenfassung 
1.1 Summary 
Due to low production costs and high herbicidal efficiency, glyphosate is the most widely 
used wide-spectrum herbicide. Glyphosate acts as a non-selective, total herbicide by 
inhibiting the biosynthesis of aromatic amino acids. Apart from glyphosate drift 
contamination, risks of glyphosate toxicity to crop plants and other non-target organisms are 
generally considered as marginal, because glyphosate is almost instantaneously inactivated by 
adsorption to the soil matrix and rapid microbial/chemical degradation in the soil solution.   
However, in the recent past, an increasing number of yet unexplained observations on 
significant damage of crop plants have been reported in the literature and by farmers, 
suggesting gaps in the risk assessment, with respect to the fate glyphosate in the rhizosphere 
and the interaction with rhizosphere processes.  
According to these observations, the aim of present study was a systematic evaluation of 
potential rhizosphere effects of glyphosate, including direct toxicity, risks of re-mobilisation 
by fertiliser application, potential role of pathogens and allelopathic compounds, and 
interactions with micronutrients, both in glyphosate-sensitive and transgenic glyphosate-
resistant crops.  
A series of field trials in reduced soil tillage cropping systems as well as green-house 
experiments on soils with contrasting properties with sunflower, winter wheat and soybean, 
consistently revealed a close clausal relationship between crop damage and (a) short waiting 
times between glyphosate application on target weeds and subsequent sowing of crops and (b) 
the density and speed of decay of glyphosate-treated weeds. The results suggested that 
damage of crop plants is induced by a rhizosphere transfer of glyphosate from weeds to 
subsequently sown crops. This transfer might take place by contact contamination due to 
exudation of glyphosate from living roots of treated weeds and/or release during 
decomposition of the root residues.  
 
A comparison between phytotoxic effects of glyphosate and aminomethylphosphonic acid 
(AMPA) as major metabolite of glyphosate in soils, revealed high toxicity in case of root 
exposure to glyphosate, but not to AMPA. By contrast, a significant decline of germination 
was induced by seed exposure to AMPA, while germination was not affected by glyphosate 
treatments. The observed differences in sensitivity to glyphosate and AMPA in different 
stages of plant development may explain variable symptoms of crop damage under field 
conditions, ranging from growth depressions and chlorosis to reduced field emergence.  
 
The results of the present study further suggest that risks for crop damage associated with 
rhizosphere transfer of glyphosate are additionally influenced by a range of environmental 
factors, such as growth season (spring or fall application), temperature, soil moisture, redox 
potential of soils and soil microbial activity. These factors might shorten or prolongate the 
time window for crop damage of glyphosate contact contamination in the rhizosphere under 
field conditions.  
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Model experiments investigating the sensitivity of different plant species to glyphosate root 
exposure, revealed significant differences between winter wheat, maize and soybean in terms 
of glyphosate-induced plant damage but also in their ability for recovery from glyphosate 
damage suggesting marked genotypic differences in the expression of damage symptoms also 
under field conditions. 
 
In agreement with previous investigations, results of the present study indicated a rapid 
inactivation of glyphosate by adsorption to the soil matrix. Glyphosate adsorption in soils  
seem to be mainly mediated by the phosphonate group of the molecule in a way similar to the 
adsorption of inorganic phosphate. Accordingly glyphosate re-mobilisation is possible via 
ligand exchange by phosphate application. The results of the present study have demonstrated 
for the first time that depending on soil properties also the application of fertiliser phosphate 
is able to re-mobilise glyphosate in sufficient quantities to mediate crop damage in pot 
experiments. This finding suggest, that re-mobilisation of glyphosate potentially by fertiliser P 
or root-induced chemical modifications for P and Fe mobilisation needs to be considered as 
additional potential rhizosphere pathway for glyphosate damage to non-target plants.  
 
Field trials and model experiments under soil and hydroponic conditions consistently revealed 
a significantly impaired nutritional status of glyphosate-sensitive but also glyphosate-resistant 
crops. However, depending on the culture conditions different mineral nutrients were affected 
by the glyphosate treatments and plant damage was not related with a certain nutrient 
deficiency. These findings suggest that damaged root growth, induced by glyphosate toxicity, 
rather than specific interactions with certain mineral nutrients are responsible for the observed 
impairment of nutrient acquisition. 
In conclusion, results of the present study highlight that risks for crop damage associated with 
glyphosate toxicity in the rhizosphere can be substantial and is influenced by factors such as 
waiting time after herbicide application, weed density, cropping systems, fertilizer 
management, genotypic differences, and probably also environmental factors including 
temperature, soil moisture, and soil microbial activity. 
The independency between these factors is so far not entirely clear but should be investigated 
in future studies. Nevertheless, results of present study suggest that risks could be minimized 
by simple management tools such as the consideration of waiting times between application 
of glyphosate and sowing of crops particularly in case of high weed densities and alternation 
of herbicides to reduce not only risk for remobilization of glyphosate but also problems 
associated to the selection of glyphosate-resistant weeds. 
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1.2 Zusammenfassung 
Auf der Organo-Phosphatverbindung Glyphosat ([N-Phosphonomethyl] Glycine) beruhende 
Produkte wie Roundup, Clinic, Touchdown etc. sind wegen niedriger Herstellungskosten, 
hoher Wirksamkeit und vergleichsweise guter biologischer Abbaubarkeit die weltweit am 
häufigsten eingesetzten Herbizide. Glyphosat wirkt durch die Hemmung der Biosynthese 
aromatischer Aminosäuren als Totalherbizid und damit generell phytotoxisch. Die 
Anwendung wird aufgrund des schnellen mikrobiellen Abbaus und der starken Adsorption in 
Böden in der Regel als problemlos für die landwirtschaftliche Praxis betrachtet. Somit kommt 
dem Glyphosateinsatz eine kontinuierlich steigende Bedeutung zu. Durch die Einführung 
transgener, Glyphosat-resistenter Nutzpflanzen, wie z.B. Soja, Mais, Raps, Baumwolle, 
Zuckerrübe und Weizen, sowie durch die zunehmende Bedeutung von Anbausystemen mit 
reduzierter Bodenbearbeitung ist vorhersehbar, dass der Einsatz von Glyphosat weltweit und 
künftig auch in Europa noch weiter ansteigen wird. 
 
Im Gegensatz zur propagierten Unbedenklichkeit der Glyphosat-Anwendung häufen sich 
jedoch in jüngerer Zeit weltweite Beobachtungen von signifikanten Schäden an 
Kulturpflanzen. Die beobachteten Schäden lassen einen Zusammenhang mit der Anwendung 
von Glyphosat vermuten und weisen häufig auf Interaktionen mit Rhizophärenprozessen hin, 
die bislang nur ansatzweise verstanden sind, sodass die Sicherheitsbewertung für 
Glyphosatanwendungen in der Praxis, trotz umfangreicher Voruntersuchungen, bei weitem 
noch nicht als abgeschlossen betrachtet werden kann.  
 
Vor diesem Hintergrund bestand das Ziel der hier vorliegenden Promotionsarbeit in einer 
systematischen Untersuchung der möglichen Schädigung von Kulturpflanzen durch 
Glyphosatexposition im Wurzelraum. Dabei lag der Schwerpunkt der Untersuchungen auf der 
Aufklärung der relevanten Transferpfade, insbesondere der Bedeutung von 
Pflanzenrückständen behandelter Unkrautpflanzen als Glyphosatspeicherpools mit 
nachfolgender Glyphosatfreisetzung und der Bedeutung einer möglichen Remobilisierung von 
an der Bodenmatrix adsorbiertem Glyphosat. Darüber hinaus sollte die Möglichkeit einer 
Glyphosat-induzierten Einschränkung der Mikronährstoffversorgung bei Glyphosat-
resistenten und nicht Glyphosat-resistenten Pflanzen untersucht werden.  
 
In einer Reihe von Feldversuchen in Anbausystemen mit reduzierter Bodenbearbeitung in 
enger Zusammenarbeit mit betroffenen Landwirten und in kontrollierten Modellversuchen 
unter Gewächshausbedingungen auf Böden mit unterschiedlichen Charakteristika zeigte sich 
bei Weizen, Sonnenblumen und Sojabohnen übereinstimmend ein enger kausaler 
Zusammenhang zwischen Pflanzenschäden und (i) den Wartezeiten nach einer 
Glyphosatanwendung und der Aussaat der Kulturpflanzen, und (ii) der Dichte des 
behandelten Unkrautbestandes bzw. der Geschwindigkeit des Absterbens der behandelten 
Unkrautpflanzen. Diese Ergebnisse weisen auf eine Speicherung von Glyphosat in der 
organischen Substanz absterbender bzw. bereits abgestorbener Unkrautpflanzen und hier 
insbesondere im Wurzelmaterial hin, bei dessen mikrobiellem Abbau es zu einer Freisetzung 
von Glyphosat und zur Schädigung der Folgekultur kommen kann. Die Ergebnisse weisen 
auch darauf hin, dass die mit einem Rhizosphären-Transfer von Glyphosat verbundenen 
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Risiken für Kulturpflanzen stark von Umweltfaktoren, wie Temperatur, Bodenfeuchte, 
Redoxpotenzial und mikrobieller Aktivität abhängig sind, da diese die Abbaugeschwindigkeit 
der organischen Substanz in Böden bestimmen. Vergleichende Untersuchungen von 
Glyphosat und seinem primären Abbauprodukt Aminomethyl-Phosphonsäure (AMPA) 
bezüglich ihrer toxischen Wirkung im Wurzelraum zeigten im Falle einer kurzzeitigen 
Exposition von Weizenkeimlingen ausschließlich für Glyphosat eine signifikante Schädigung 
der Pflanzen. Im Gegensatz dazu verursachte AMPA, aber nicht Glyphosat, nach einer 
kurzzeitigen Exposition von Weizensamen eine signifikante Hemmung der Keimrate. Diese 
Ergebnisse deuten an, dass unter Feldbedingungen unterschiedliche Schadbilder auftreten 
können, je nachdem ob toxische Mengen an Glyphosat oder AMPA oder beider Substanzen in 
einem sensitiven Stadium der Pflanzenentwicklung vorliegen.  
 
Darüber hinaus konnten in weiteren Versuchen Pflanzenart-spezifische Unterschiede in der 
Empfindlichkeit gegenüber einer Glyphosat-Wurzelexposition gezeigt werden, sodass auch 
genotypische Unterschiede bei der Ausprägung von Schadsymptomen im Feld in Erwägung 
gezogen werden müssen.  
 
In den Versuchen der vorliegenden Arbeit zeigten sich übereinstimmend mit den Ergebnissen 
zahlreicher anderer Studien deutliche Hinweise für eine rasche Inaktivierung von Glyphosat 
durch Adsorption an die Bodenmatrix die zum Großteil auf der Interaktion der 
Phosphonatgruppe im Glyphosatmolekül mit kationischen Phosphatbindungsplätzen in Böden 
beruht. Jedoch konnte in Modellversuchen unter Gewächshausbedingungen gezeigt werden, 
dass durch die Applikation von anorganischen Phosphatdüngern über Austauschadsorption in 
Abhängigkeit von der Bodenart Schäden an Kulturpflanzen durch Glyphosat-Remobilisierung 
induziert werden können. Eine derartige kurzzeitige Remobilisierung von Glyphosat muss 
also als weiterer möglicher Risikofaktor für Pflanzenschäden in Erwägung gezogen werden. 
 
 
In den Versuchen der hier vorliegenden Studie verursachte die Applikation von Glyphosat in 
der Regel eine signifikante Einschränkung der Mineralstoffversorgung der Testpflanzen. 
Dabei zeigte sich jedoch weder ein klarer Zusammenhang zwischen Glyphosatapplikation und 
der Induktion eines bestimmten Nährstoffmangels, noch eine eindeutige Beziehung zwischen 
der Intensität Glyphosat-induzierter Pflanzenschäden und der Nährstoffversorgung. Diese 
Ergebnisse sprechen dafür, dass die Verminderung der Versorgung von Kulturpflanzen mit 
mineralischen Nährstoffen eher auf einer generellen Beeinträchtigung des Wurzelwachstums 
durch Glyphosattoxizität als auf Glyphosatinteraktionen mit spezifischen kationischen 
Mineralstoffen beruht.  
 
Zusammenfassend weisen die Ergebnisse der vorliegenden Studie auf ein nicht unerhebliches 
Risiko für Schäden an Kulturpflanzen durch Glyphosat aus den Rückständen behandelter 
Unkrautpflanzen oder durch Remobilisierung adsorbierter Glyphosatrückstände hin,, das 
jedoch maßgeblich von Umweltfaktoren beeinflusst wird. Die genauen Zusammenhänge 
zwischen Glyphosat-induzierten Schäden an Kulturpflanzen und diesen biotischen und 
abiotischen Faktoren konnten nicht vollständig aufgeklärt werden und bedürfen weiterer 
Untersuchungen. Dennoch erscheinen nach den Ergebnissen der vorliegenden Studie 
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Maßnahmen, wie die Beachtung von Wartezeiten zwischen Vorsaatapplikation von Glyphosat 
und Aussaat insbesondere bei dichten Unkrautbeständen und die wechselnde Verwendung 
verschiedener Maßnahmen zur Unkrautbekämpfung geeignet, um Risiken von 
Glyphosatschäden an Kulturpflanzen weitgehend zu minimieren und darüber hinaus auch der 
Bildung von Resistenzen entgegenzuwirken. 
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2 General introduction  
Weeds are economically the most important of all pests with respect to sales of pesticides and 
limitations to crop yields. In United States herbicide sales represent more than two thirds of 
pesticides used annually (Pimentel et al., 1991), and almost half of the $21 billion worldwide 
pesticide market (Belcher, 1989).  
Since its commercial introduction in 1974, glyphosate (N-(phosphonomethyl)glycine), the 
active ingredient of systemic, broad-spectrum, non-selective post-emergence herbicides, has 
become by any measure the world's best-selling agrochemical compound and the most 
extensively applied herbicide in history of agriculture. Glyphosate is used for weed control in 
agriculture, horticulture, silviculture, along roadsides and railways, private gardens and even 
aquatic systems (AquaMasterTM). In agriculture, glyphosate is particularly used in cropping 
systems with genetically modified glyphosate-resistant plants, but also before sowing of crops 
in cropping systems with high weed pressure (e.g. no-/minimal tillage systems). 
 
High phytotoxic unit activity, high mobility and rapid translocation within plants leading to 
the effective control of essentially all annual perennial weed plants are frequently mentioned 
as important characteristics of glyphosate-containing herbicides. Moreover, low toxicity for 
humans, other mammalians and insects and low risks for long-term accumulation in soils 
and/or groundwater pollution by leaching are cited as advantages of glyphosate. Even today 
glyphosate containing herbicides like Roundup® and many other herbicide brands are in terms 
of sale and applications the fastest growing agrochemicals worldwide.  
 
2.1 Glyphosate discovery and chemical properties  
2.1.1 Glyphosate discovery 
As reported by Franz et al., (1997) glyphosate was found during a screening of over 300 
tertiary aminomethylphosphonic acids derived from various primary and secondary amines 
for herbicidal effects (Moedritzer and Irani, 1966). However, initial attempts to find tertiary 
aminomethylphosphonic acids with high herbicidal activity failed. Only two produced 
compounds showed some herbicidal activity leading to the introduction of glyphosine, as a 
sugar cane ripening agent (Polaris ®, Monsanto Co.). Contrary to the general trend that 
metabolism reduces toxicity it was hypothesised that degradation of glyphosine and the 2nd 
identified compound might give rise to a common metabolite with high herbicidal activity. 
Glyphosate was among the possible metabolites of the two compounds and was found to have 
extremely high herbicidal activity (Franz, 1985). 
 
2.1.2 Physical and chemical properties of glyphosate 
Chemically, glyphosate is an organic acid derivate of the amino acid glycine and phosphonic 
acid. According to Knuuttila and Knuuttila (1979) glyphosate exists as a zwitterionic species 
1a in solid state. The empirical formula is C3H8NO5P, and the structural formula is as follows 
(Fig. 2.1): 
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Fig. 2.1: Structural formula of glyphosate (N-(phosphonomethyl)glycine) 
 
The relative molecular mass of glyphosate is 169.07. Physical and chemical properties of 
glyphosate are summarised in Table 2.1. 
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Tab. 2.1 Physical and chemical properties of glyphosate  
(WHO, 1994) 
 
  
  
Physical state crystalline powder 
  
Colour white 
  
Odour none 
  
Melting point 184.5 °C, decomposition at 187 °C 
  
Boiling point n.a. 
  
Specific gravity (density) 1.704 (at 20 °C) 
  
Vapour pressure < 1 x 10-5 Pa (at 25 °C) 
  
Solubility in water 10-100 mg/litre (at 20 °C) 
  
Henry's law constant < 7 x 10-11 
  
Octanol-water partition  
coefficient (log Kow)  -2.8 
  
Surface tension  0.072 N/m 0.5% (w/v) at approx. 25 °C 
  
pKa values < 2, 2.6, 5.6, 10.6 Sprankle et al. (1975c) 
  
Molar absorptivity  0.086 litre/mol per cm at 295 nm 
  
Flammability not flammable 
  
Explosiveness not explosive 
  
pH 2.5 (1% solution) 
    
 
Water solubility of glyphosate as N-(phosphonomethyl)glycine is relatively low. Due to its 
high polarity glyphosate is practically insoluble in organic solvents, for instance, ethanol, 
acetone and benzene (Franz, 1985). Glyphosate has a low acute toxicity for humans, other 
mammalians, birds and insects like bees. According to Franz et al. (1997) extensive studies 
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have shown no evidence of mutagenic, carcinogenic, teratogenic, or allergenic activity of 
glyphosate as N-(phosphonomethyl)glycine in numerous assays and tests.  
However, toxicity of glyphosate to fishes and other aquatic organisms was observed (Tsui et 
al., 2003; Relyea, 2005) and human/mammalian (geno)toxicity of glyphosate and/or its 
metabolites and surfactants in the herbicide solution are discussed in recent studies (Monroy 
et al., 2005; Gasnier et al., 2009; Benachour et al., 2009; Mañas et al., 2009) 
 
In herbicides, glyphosate is usually formulated as a salt of the deprotonated acid of glyphosate 
and a cation. The salt formulations that have been utilised are isopropylamine (IAS), 
trimethylsulfonium (TMS), diammonium (DAS), and potassium (PS) (Hess, 1999). 
Regardless to the various products on market, the herbicide contains surfactants (e.g. 
polyoxyethalinealkly-tallowamin (POEA)) to enhance foliar penetration and water. The 
herbicide formulation is generally thermostable under normal conditions (-20 to 40° C), non-
volatile, photostable, and generally non persistent in the soil even so half-life times of 
glyphosate in soils are reported to be variable depending soil and environmental conditions. 
Under agricultural soil conditions, half-life times range from 1-197 days but are typically less 
than 60 days (Giesy et al., 2000). 
Glyphosate efficiently controls most annual and perennial weed species at rates ranging from 
960-1920g active ingredient, respectively 2-4L of glyphosate as Roundup Ultra formulation 
ha-1. Control of some perennial weeds and woody species requires greater herbicide rates. 
Plants cannot readily metabolise the herbicide to non-toxic compounds (Gottrup et al., 1976; 
Coupland and Caseley 1979). Currently, glyphosate is approved for use in more than 100 
crops and controls more than 300 weed species. According to Franz (1985) glyphosate can 
efficiently control 76 of the world´s 78 worst weed species. 
In contrast to other herbicides, emergence of glyphosate-resistant weed plants has not been an 
issue of concern for a long time. In fact glyphosate use in a pre-crop weed control application 
has been effective for more than three decades, with few occurrences of evolved glyphosate-
resistant weed populations. One of the first reviews on the topic of glyphosate resistant weeds 
indicated that after 20 years of frequent glyphosate use there were no known cases of evolved 
glyphosate-resistant weeds (Dyer, 1994). According to Powles (2008) pre-crop glyphosate 
application before growing of non-resistant crops is for treated weed plants a short, intense 
selection event acting only on emerged plants. As weeds often emerge throughout a growing 
season, this imposes less overall selection pressure than long-term, soil-residual herbicides, 
which can exert selection over several months of the growing season. Similarly, Bradshaw et 
al. (1997) concluded that due to unique mode of action, low residual activity in soils and a 
low selection pressure on weed plants associated to the pre-crop application, evolution of 
glyphosate-resistant weeds was unlikely.  
However, over the last 10-15 years and in particular with the adoption of glyphosate-resistant 
crop plants associated with repeated in-crop glyphosate application during the whole 
vegetation period, glyphosate-resistance in weed plants has emerged. According to Service 
(2007) the number of evolved glyphosate-resistant weed species has increased from 1 known 
weed species in 1996 to 16 known species in 2006 including among others highly competitive 
and economically damaging weeds like Ambrosia artemissifolia, Ambrosia trifida, 
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Amaranthus tuberculatus, Amaranthus palmeri, Amaranthus rudis, Sorghum halepens, 
Conyza spp. and Euphorbia heterophylla (Powles, 2008). Beside this, a number of other 
important weed genera and species including grass weeds such as Digitaria, Setaria and 
Sorghum, or dicotyledonous species such as Chenopodium album L., Kochia species and 
Xanthium strumarium L. are at risk of developing into evolved glyphosate-resistant weeds 
(Powles, 2008).  
According to Service (2007) and Powles (2008), because of the emergence of glyphosate-
resistant weeds, maintenance of diversity in weed management systems is crucial for 
glyphosate to be sustainable. 
 
2.2 Glyphosate behaviour in plants and mode of action 
2.2.1 Glyphosate behaviour in plants 
In case of foliar application, glyphosate absorption occurs rapidly in most plant species. 
Glyphosate absorption in quackgrass (Agropyron repens L. Beauv.) occurs most rapidly 
within the first four hours after application, followed by limited absorption thereafter 
(Sprankle et al., 1975c; Majek, 1980). According to Caseley and Coupland (1985) glyphosate 
crosses the plant cuticle by diffusion via the hydrophilic pathway. After crossing the cuticle, 
transport away from the point of absorption is a limiting step (Majek, 1980).  
 
Uptake of glyphosate into plant cells is inhibited by the plasma membrane, which is generally 
described as the major barrier to foliar absorbed herbicides. There is evidence that glyphosate 
uptake through the plasma membrane occurs through an active amino acid transport system 
(Fernandez and Bayer, 1977; Richard and Slife, 1979; Gougler and Geiger, 1981). Studies 
investigating glyphosate uptake in Catharanthus roseus L.- and broad bean (Vicia faba L.) 
cells indicated that glyphosate uptake is in part mediated by a phosphate transporter (Morin et 
al., 1997; Denis and Delrot, 1993). Investigations on the requirements of the Pi/glyphosate-
transporter in Catharanthus roseus L.-cells revealed that the major elements increasing the 
cellular glyphosate uptake were calcium (Ca), magnesium (Mg), and the presence of iron (Fe) 
(Morin et al., 1997). Beside this, results of Anthelme and Marigo (1998) and Tilquin et al. 
(2000) indicate that glyphosate uptake into cells of Catharanthus roseus L. is possibly 
mediated by a Ca-dependent Fe/glyphosate cotransport, which can also act as Ca-dependent 
Fe/phosphate cotransport. This Ca-dependent Fe/glyphosate cotransport occurs in various 
plant cells indicating that Fe/glyphosate cotransport may be considered to be a general 
mechanism in plant cells (Tilquin et al., 2000). According to Tilquin et al. (2000), there is the 
possibility that one or two distinct transporters are required for iron- and glyphosate uptake by 
cells. However, if two transporters are involved, data indicate that they are most likely 
functionally related. 
In sum, there is considerable evidence that glyphosate is one of the few herbicides that crosses 
the plasma membrane using an active transport system. 
 
After movement of the herbicide to the cytoplasm, glyphosate is transported in leaves via the 
symplastic pathway. The long distance transport of glyphosate follows the same source-to-
sink pattern as photo assimilates (Sprankle et al., 1975c; Wyrill and Burnside, 1976; Ahmadi 
et al., 1980; Bingham et al., 1980; Gougler and Geiger, 1981). Glyphosate is rapidly 
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translocated to stems, leaves and roots of the entire plant, finally accumulating preferentially 
in young growing tissues (Franz et al., 1997). 
Thus, accumulation of glyphosate occurs in meristematic regions of the roots, shoots, 
rhizomes, tubers, stolons, etc. (areas of high growth activity) (Sprankle et al., 1975c; Bingham 
et al., 1980).  
 
Beside this, Geiger et al. (1999) observed in case of foliar application of glyphosate on sugar 
beet (Beta vulgaris L.) clear indications for self-limited translocation of glyphosate. In this 
study export of glyphosate from treated leafs essentially stopped 10 hours after application in 
glyphosate-sensitive (GS) plants. In the study of Geiger et al. (1999) inhibition of carbon 
translocation and glyphosate translocation coincided, confirming that glyphosate export from 
treated leafs was inhibited by disruption of a process that drives carbon export. Similarly, also 
Hess (1999) reported self-limitation of glyphosate translocation from treated leafs caused by 
effects on carbon metabolism in source leaves (disruption of aromatic amino acid 
biosynthesis, increased diversion of carbon to shikimate pathway, reduction of carbon pool 
available for Calvin cycle, decreased starch synthesis and decreased export of triose to 
cytoplasm, decreased phloem transport of assimilates).  
 
2.2.2 Glyphosate mode of action 
Glyphosate is generally classified as an aromatic amino acid biosynthesis inhibitor, whose 
primary mechanism of action is the inhibition of the shikimic acid pathway (Hoagland and 
Duke, 1982; Cole, 1985; Duke and Hoagland, 1985). The herbicide is a competitive inhibitor 
of the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase enzyme in the shikimic acid 
pathway, leading to impaired conversion of shikimic acid to chorismic acid (Fig 2.2). Because 
of this effect, glyphosate phytotoxicity is causing the impairment of general metabolic 
processes, such as protein synthesis and photosynthesis (de María et al., 2005; Geiger et al., 
1986). 
  
According to Cole (1985), inhibition of this particular enzyme in the absence of a regulatory 
feedback mechanism in earlier parts of the pathway, leads to accumulation of the substrate of 
the inhibited enzyme (s. Fig. 2.2). An enormous accumulation of shikimic acid (shikimate) 
occurred in a variety of plants (Amrhein et al., 1980; Berlin and Witte, 1981). Inhibition of 
the shikimic acid pathway is a unique characteristic of glyphosate and was subsequently used 
in a vast number of studies as specific bio-indicator of glyphosate toxicity to plants (Roider et 
al., 2007; Brown et al., 2009; Cakmak et al., 2009; Ozturk et al., 2008; Eker et al., 2006; 
Miller et al., 2004; Henry et al., 2007; Lassiter et al., 2007; Norsworthy, 2004a; Reddy et al., 
2010; Bellaloui et al. 2006, 2009; Gilreath et al., 2000a, 2000b; Neumann et al., 2006). To 
date competitive inhibition of the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase 
enzyme appears to be the primary mode of action of the herbicide (Fig. 2.2). 
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Fig. 2.2: Shikimate pathway of higher plants  
Inhibition of the 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS) as physiological target of 
glyphosate and shikimate used as specific physiological indicator for glyphosate toxicity are highlighted. 
 
The shikimate pathway is of key importance in linking primary and secondary metabolism in 
higher plants and is initiated by the condensation of phosphoenolpyruvate (PEP) with 
erythrose-4-phosphate. Major end-products of the pathway are the aromatic amino acids 
tryptophan, tyrosine, and phenylalanine essential for protein synthesis (Cornai and Stalker, 
1986). In addition, phenylalanine is connected to secondary phenolic compound pathways via 
the important regulatory enzyme phenylalanine ammonialyase (PAL) to produce a diverse 
array of phenolic end-products like precursors of lignin, flavonoids, tannins, alkaloids and 
quinones (Hoagland and Duke, 1982; Duke and Hoagland, 1985). Interestingly, in gramineous 
plant species tyrosine can also serve as a substrate for these compounds.  
Glyphosate-induced inhibition of trypthophan synthesis is directly connected to synthesis of 
auxin as phytohormone. Chorismate gives also directly rise to a number of phenolic 
compounds. 
Secondary effects induced by glyphosate include: chloroplast disruption, chlorophyll and 
porphyrin synthesis reduction, decreased photosynthesis and respiration, inhibition of 
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enzymes of nitrate assimilation, reduced nucleic acid synthesis, inhibition of transpiration and 
of anthocyanin formation (Holländer and Amrheim, 1980; Cole, 1985). Inhibition of 
transpiration and photosynthesis were coincident, thus inhibition of transpiration is most 
likely not caused by an initial effect of glyphosate on photosynthesis (Shaner and Lyon, 1979; 
Cole, 1985). Effects of glyphosate on phytohormones are also frequently reported even so the 
underlying causes are not entirely understood. Whether the tryptophane pool for synthesis of 
auxin/indole-3-acetic acid (IAA) is directly limited by glyphosate-induced inhibition of 
aromatic amino acid synthesis is not known. In planta, after application of glyphosate both, 
increased as well as decreased IAA levels have been observed (Canal et al., 1987; Lee, 1984). 
Canal et al. (1987) attributed the increase in IAA to glyphosate-induced increased levels of 
gentisic acids as inhibitor of the IAA oxidase. On the other hand, as phenols have been shown 
to affect conjugation and oxidation of IAA in maize stems (Lee, 1980), it is suggested that the 
reported change in phenolic levels by glyphosate (Holländer and Amrhein, 1980; Berlin and 
Witte, 1981; Lee, 1982a, 1982b) may be related to the promotion of IAA metabolism. Also 
Devine et al. (1993) attributed increased metabolism of IAA in plants to altered phenolic 
compound content. Moreover, inhibition of IAA transport via increased ethylene synthesis has 
been reported (Cole, 1985; Lee and Dumas, 1983). Promotion of lateral bud growth/ increase 
in tillering following glyphosate application has been reported in a number of weed- (Lee, 
1984) as well as crop plant species such as sorghum, and wheat (Baur et al., 1977). Such an 
effect has been attributed to a change in the auxin-cytokinin balance in the basal internodes 
through an inhibition of the basipetal transport of auxin by glyphosate (Baur, 1979a, 1979b). 
 
Phosphonic acids are known as chelators of metal cations (Cater et al., 1967) and it has been 
argued that glyphosate may increase its mode of action by complexing biologically important 
di- and trivalent cations like Ca, Mg, Fe, manganese (Mn), zinc (Zn) and copper (Cu) within 
the cell or in the rhizosphere.  
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Fig. 2.3: Physiological steps in the shikimate pathway and subsequent pathways of secondary 
metabolism of phenolic compounds requiring specific (metal) cofactors 
These steps may be negatively affected by direct or indirect interactions between glyphosate and plant 
availability of nutrients. Inhibition of the 5-enolpyruvyl shikimate-3-phosphate synthase (EPSPS) as 
physiological target of glyphosate, as well as cofactors of physiological steps are indicated. 
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Beside this, in several physiological steps of the shikimate pathway as well as in the 
secondary metabolism of phenolic compounds downstream of the aromatic amino acids 
tryptophane, tyrosine, and phenylalanine, nutrients such as Mn, Ca or Cu are required as 
cofactors (Fig. 2.3). In particular Mn is needed as cofactor of the Deoxy-D-
arabinoheptulosonate-7-phosphate synthase (DAHPS) and the phenylalanine ammonialyase 
(PAL) both representing physiological bottlenecks in the shikimate – and secondary phenolic 
compound pathways (Fig. 2.3).  
Therefore, impaired acquisition of (micro) nutrients caused either by direct interactions 
between glyphosate and specific nutrients or as secondary effect of phytotoxicity of 
glyphosate, potentially increases and prolongates the mode of action of glyphosate.  
 
Even so there is a general agreement that the inhibition of the shikimic acid pathway by 
glyphosate is the primary cause for phytotoxicity, it is still unknown whether this effect on 
aromatic amino acid synthesis is the sole mechanism of action of glyphosate. Due to rapid 
absorption and translocation in the plant and lack of significant degradation/ metabolism, 
glyphosate may have multiple sites of action (Cranmer, 1988). 
 
2.3 Glyphosate behaviour in soils  
Compared to other pesticides, glyphosate possesses unique sorption characteristics in soil. 
Almost all other pesticides are moderately to weakly adsorbed in soils, mainly by soil organic 
matter (SOM), because most of these molecules are dominated by apolar groups, i.e. aliphatic 
and/or aromatic carbon, and often have only one functional group (Borggaard and Eberling, 
2004; Schwarzenbach et al., 1993). In contrast, glyphosate, which is a small molecule with 
three polar functional groups (carboxyl, amino and phosphonate groups), is strongly adsorbed 
by soil minerals. 
 
2.3.1 Glyphosate adsorption  
Glyphosate has been suggested to adsorb to soils and minerals by ligand exchange through its 
phosphonic acid group in a way similar to the adsorption of phosphate (Piccolo et al., 1992, 
1994; Piccolo and Celano, 1994; Nicholls and Evans, 1991; Hance, 1976; Hill, 2001; Gimsing 
and Borggaard, 2002a, 2002b, 2007; Gimsing et al., 2004, 2007; Borggaard and Gimsing, 
2008).  
Numerous studies showed that the main soil sorption sites of glyphosate in soils are found on 
surfaces of aluminium and iron (Fe) oxides, poorly ordered aluminium (Al) silicates 
(allophane/imogolite) and edges of layer silicates. Gerritse et al. (1996) found that the 
adsorption of glyphosate strongly increased with increasing Fe and Al contents in soils and 
decreased with increasing soil organic matter. In line with this, evaluation of glyphosate 
adsorption on three top soils with different characteristics in terms of cation exchange 
capacity, textural fraction and amorphous Fe and Al oxides revealed that the interaction of 
glyphosate with soils was mainly governed by amorphous Fe and Al oxides and organic 
matter (Morillo et al., 1999). 
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Beside this, glyphosate adsorption in soils also depends on pH. Increasing pH has been found 
to decrease the amount of glyphosate adsorbed by iron/aluminium oxides as well as in soils 
(Sheals et al., 2002; Barja et al., 2005). Again this in accordance to decreased adsorption of 
other phosphonates and phosphate with increasing pH.  
 
In comparison to soils with high iron and aluminium content, soils dominated by permanent 
charged clay minerals such as illite, smectite and vermiculite adsorb less glyphosate 
(Vereecken, 2005; Gimsing et al., 2004, 2007; Gimsing and Borgaard, 2007). According to 
Borgaard and Gimsing (2008) discrepancy between the two mineral groups can be attributed 
to the number and distribution of sorption sites. However, release of cations from clay 
minerals and complexation of glyphosate by a cation-exchange reaction with solution protons 
has been proposed as an additional adsorption mechanism. In line with this, adsorption by the 
soils on three agricultural soils appeared to be related to the clay content and the cation-
exchange capacity (CEC) of the soils (Glass et al., 1987). Also results of Miles and Moye 
(1988) indicated in the case of cation-saturated clays that the main mechanism of glyphosate 
adsorption is caused by hydrogen-bonding and ion-exchange mechanisms. Glyphosate 
adsorption varied inversely with the pH of the clay suspension in this study (Miles and Moye, 
1988). 
In an evaluation of the adsorption of glyphosate in three soils with illitic, kaolinitic and 
smectic clay minerals, before and after removal of organic matter, glyphosate adsorption 
could be related to the presence of clay minerals (Dion et al., 2001). In this study the presence 
of orthophosphate led to an increased competition with glyphosate for the sorption sites, 
thereby decreasing the adsorption of glyphosate again indicating that also glyphosate 
adsorption to clay minerals is related to adsorption of phosphate. 
 
Soil organic matter (SOM) seems to play a controversial and dual role in soil adsorption of 
glyphosate. On the one hand, Piccolo et al. (1996) reported very high glyphosate adsorption 
by four different purified humus samples. Adsorption was explained by multiple hydrogen 
bondings which can occur among the various acidic and oxygen-containing groups in both 
molecules and was described by a Freundlich isotherm. The extent of adsorption was found to 
vary considerably between the humic substances and seemed to depend on the 
macromolecular structure and dimension. On the other hand, other investigations have shown 
that soil sorption of glyphosate is not, or is sometimes negatively, correlated with SOM 
content (Vereecken, 2005; Gimsing et al., 2004, 2007; Gerritse et al., 1996; McConnel et al., 
1989). Experimental studies on the adsorption of glyphosate on sandy soils of Western 
Australia indicate the possibility that soluble soil organic matter competes for adsorption sites 
and thus inhibits adsorption of glyphosate (Gerritse et al., 1996). According to Borgaard and 
Gimsing (2008) soil organic matter may have indirect effects on glyphosate adsorption in two 
opposite ways. On the one hand soil organic matter might reduce glyphosate sorption by 
blocking sorption sites, but on the other hand soil organic matter might increase glyphosate 
adsorption because poorly ordered Al and Fe oxides with high sorption capacity are favoured 
at higher soil organic matter content (Borgaard and Gimsing, 2008). 
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Experimental studies on the ad-/desorption of AMPA (Barja et al., 2005) as the phytotoxic 
main metabolite of glyphosate in soils (Reddy et al., 2004; Laitinen et al., 2007, 2008) 
indicate high similarity to the ad-/desorption characteristics of glyphosate described above. 
 
2.3.2 Degradation of glyphosate in soils 
According to various authors soils can exhibit great variability in their ability to degrade 
glyphosate (Mamy et al. 2005; Sørensen et al., 2006; Carlisle and Trevors, 1988). 
Furthermore, degradation of glyphosate in soil has been found to be inversely correlated with 
the glyphosate adsorption capacity of the soil, (Sørensen et al., 2006; Moshier and Penner, 
1978) i.e. if glyphosate adsorption to the soil matrix is strong, degradation of glyphosate is 
low, possibly because bioavailablity is low for microorganisms responsible for glyphosate 
degradation. 
In line with this, several investigations indicate that glyphosate degradation is correlated with 
the general microbial activity (Franz et al., 1997; Rueppel et al., 1977; von Wirén-Lehr et al., 
1997) e.g. no degradation occurred in sterile soil, whereas degradation took place under non-
sterile soil conditions. Von Wirén-Lehr et al. (1997) reported that the soil microbial biomass, 
as measured by substrate-induced heat output and total adenylate content, was correlated with 
glyphosate degradation. Franz et al. (1997) found the glyphosate degradation rate to be 
correlated with the respiration rate (Strange-Hansen et al., 2004; Sprankle et al., 1975c; 
Rueppel et al., 1977).  
Principally, glyphosate degradation by soil microorganisms can occur through two pathways 
(Jacob et al., 1985, 1988; Kishore et al., 1987; Lerbs et al., 1990; Liu et al., 1991; Dick and 
Quinn, 1995). Accordingly, one pathway leads to the intermediate formation of sarcosine and 
glycine, and the other leads to the formation of AMPA (Fig. 2.4). First step in the AMPA 
pathway appears to be the cleavage of the C–N bond by the enzyme glyphosate 
oxidoreductase producing AMPA and glyoxylate (Franz et al., 1997; Jacob et al., 1988; Liu et 
al., 1991; Barry et al., 1998; Balthazor and Hallas, 1986). In further steps AMPA is cleaved to 
produce inorganic phosphate and methylamine, which is ultimately mineralised to CO2 and 
NH3 (Franz et al., 1997; Balthazor and Hallas, 1986; Pipke and Amrhein, 1988). Cleavage of 
AMPA is achieved by the enzyme C–P lyase. Because cleavage of the C–P bond is a critical 
step in the degradation of glyphosate and other phosphonates in soils the C–P lyase enzyme 
has been extensively studied. However, so far the mechanism of degradation of AMPA is not 
fully understood. Glyoxylate is further metabolised via the glyoxylate cycle (Schnürer et al., 
2006; Kryosko and Lupicka, 1997; Yakovleva et al., 1998; Obojska et al., 1999) (Fig. 2.4). 
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Fig. 2.4: Microbial degradation of glyphosate in soils via the sarcosine- or AMPA pathway 
 
 
 
Beside microbial degradation, Barrett and McBride (2005) recently demonstrated abiotic 
degradation of glyphosate and AMPA by the manganese oxide birnesite. 
 
In sum, due to the very low phytotoxic activity of glyphosate in soils caused on the one hand 
by rapid microbial degradation in soil solution (Giesy et al., 2000; Schnürer et al., 2006; 
Kryosko and Lupicka, 1997; Yakovleva et al., 1998; Obojska et al., 1999) and on the other 
hand by almost instantaneous inactivation by strong adsorption to the soil matrix (Piccolo et 
al., 1992, 1994; Piccolo and Celano, 1994; Nicholls and Evans, 1991; Hance, 1976; Hill, 
2001; Borggaard and Gimsing, 2008) risks of glyphosate toxicity to non-target organisms in 
soils are generally considered as marginal. However, in contrast to this assessment of a 
relatively risk-free application of glyphosate there are increasing observations of negative side 
effects after glyphosate use under experimental and field conditions indicating risks for 
negative effects of glyphosate on plants and other organisms under certain conditions. 
 
2.4 Risks of glyphosate application for plants 
According to Fent (1998), effects of herbicides on organisms can be studied on several 
distinct levels of organisation ranging from the subcellular- and cellular levels to effects on 
single organisms, specific species and the community of organisms in a given ecosystem. This 
is indicating the multiplicity of possibilities to assess risks associated to applications of 
herbicides as xenobiotics and the unavoidable need to narrow the scope of research on 
particular aspects of effects of herbicides on organisms. 
Thus, the focus of the present study was an assessment of risk associated to glyphosate 
application on crops in agro-ecosystems.  
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Accordingly, in this study risks of glyphosate application will be defined as (direct and/or 
indirect) negative effects on the physiology, development, growth and mineral nutrition status 
of crops as non-target plants that are not intended to be controlled, injured, killed or 
detrimentally affected in any way by glyphosate or its metabolites. During the study, the 
terms “non-target plants”, “crops” and “crop plants” are used synonymously even so there is 
no single definition of the term “non-target plants”. According to the Environmental 
Protection Agency of the United States, non-target plants are defined as “any plant species not 
considered to be pest at the location in which they are growing” and include desirable plants 
like crops and ornamentals within as well as outside the treatment area (USEPA, 1998). In 
contrast, according to the definition of the European and Mediterranean Plant Protection 
Organisation non-target plants are “plants outside the treatment area” (EPPO, 2003).  
 
Thus, risks of glyphosate application for non-target plants are frequently separated according 
to these definitions into two groups: (a) risks for non-target plants outside the treatment area 
and (b) on-site risks for non-target plants inside the treatment area.  
However, for the purpose of the present study, risks of glyphosate application for non-target 
plants are separated according to the potential pathway of exposure to phytotoxic glyphosate 
into: (a) risks associated to direct exposure of non-target plants during application of 
glyphosate and (b) risks associated to indirect exposure of non-target plants growing after an 
application of glyphosate. Potential risks associated to both pathways will be discussed in the 
following sections. 
 
2.4.1 Potential risks for non-target plants associated to direct exposure to glyphosate 
Similar to other pesticides, during a post-emergence application of glyphosate for weed 
control by commonly used application methods (hand sprayers, tractor-mounted sprayers, 
helicopters and aircrafts) unwanted events of glyphosate-drift cannot be completely avoided. 
Thus, drift of phytotoxic glyphosate during weed control and damage on crops outside the 
treatment area constitute a risk due to a direct (even so) unwanted exposure to glyphosate.  
 
Extent of glyphosate drift contamination of non-target plants is strongly depending on factors 
including: formulation, susceptibility of the cultivars, growth stage, environmental conditions, 
nozzle size, height above the ground when the spray solution was released and the rate and 
timing of application (Atkinson, 1985). Off-target movement of herbicide during application 
can be somewhere between 1/10 and 1/100 of the applied rate (Wolf et al., 1992). However, 
according to the Mississippi Department of Agriculture, glyphosate application frequency has 
increased with the adoption of glyphosate-resistant crops (GR), and the application window 
has widened because of differences in planting dates among GR crops. Glyphosate drift 
complaints from ground or aerial applications are getting increasingly common in the 
Mississippi Delta but also other regions of the United States. In 2008, 56 cases of herbicide 
drift onto non-target crops were reported in Mississippi, an increase of 21 cases from 2007 
(Reddy et al., 2010). Similarly, concerns of glyphosate-damage of non-resistant crop plants 
due to drift events are evident in publications and newsletters of extension services from 
Oregon, Louisiana, Wisconsin, Arkansas and other states of the United States indicate similar 
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increase of glyphosate drift events (Hensley et al., 2009; Griffin et al., 2003; Johnson et al., 
2006; Boerboom, 2007; Skinkis, 2009; Scott, 2006; Thomas et al., 2005).  
Effects of glyphosate drift on non-resistant crop plants have been also studied in considerable 
detail in scientific literature. Damage of crops after exposure to levels of phytotoxic 
glyphosate considered as realistic under drift conditions have been reported in model 
experiments and partly also under field conditions in wheat (Triticum aestivum L.), maize 
(Zea maize L.), rice (Oryza sativa L.), cotton (Gossypium hirsutum L.), soybean (Glycine max 
L.), tomato (Lycopersicon esculentum L.), pepper (Capsicum annuum L.), sunflower 
(Helianthus annuus L.) and other crop plants (Roider et al., 2007; Brown et al., 2009; 
Cakmak et al., 2009; Ozturk et al., 2008; Eker et al., 2006; Miller et al., 2004; Henry et al., 
2007; Lassiter et al., 2007; Norsworthy, 2004a; Reddy et al., 2010; Bellaloui et al., 2006, 
2009; Gilreath et al., 2000a, 2000b). 
In accordance to the primary mode of action of glyphosate in plants, damage of crops in these 
studies frequently included: stunted shoot growth, chlorosis and/or necrosis of young leaves, 
decline in density of crop plants, reduced biomass of shoots and roots, delayed ripening and 
significant yield loss. Additionally, accumulation of shikimate as specific indicator of 
glyphosate toxicity due to disruption of the shikimate pathway as primary mode of action of 
glyphosate was frequently detected and identified as reliable parameter for evaluation of 
glyphosate phytotoxicity and yield loss in model experiments and under field conditions 
(Roider et al., 2007; Brown et al., 2009; Miller et al., 2004; Henry et al., 2007; Lassiter et al., 
2007; Norsworthy, 2004a; Reddy et al., 2010; Bellaloui et al. 2006, 2009; Gilreath et al., 
2000a, 2000b). Damage of crop after simulated glyphosate drift generally increased in all crop 
species with increasing amounts of active ingredient applied again indicating glyphosate 
toxicity as primary cause of plant damage.  
In contrast to these effects common to all crop species evaluated, results of these studies 
revealed also differential sensitivity of crops to simulated glyphosate drift depending on the 
plant species as well as the growth stage at exposure to phytotoxic glyphosate. Gramineous 
plant species like wheat, rice and maize responded to glyphosate application rates of 140 g ha-
1 or 12.5% of the labelled use rate, realistic of what could be expected from herbicide drift 
(Wolf et al., 1992), with comparable yield reduction of 60-80% when applied in early growth 
stages and 30-50% when applied at late growth stages (Ellis et al., 2003; Roider et al., 2007). 
According to Ellis et al. (2003) based on yield reductions, rice and corn can be classified as 
equally sensitive to glyphosate. Height reduction and discoloration of foliage to both rice and 
corn associated with the lower glyphosate rates in some cases was minimal, but the negative 
effect on yield was significant (Ellis et al., 2003). 
In contrast to this, particularly conventional soybean and in some extent also cotton appear to 
be more resistant to glyphosate toxicity after drift exposure. Al-Khatib and Peterson (1999) 
reported that glyphosate at 280 g ha-1 applied in juvenile growth stage (V3) caused transient 
injury to conventional soybean but did not reduce yields. Similarly, conventional soybean 
injury in vegetative growth stages caused by glyphosate application at rates up to 105g ha-1 
was transient and did not affect yield (Ellis and Griffin, 2002). Transient glyphosate damage 
was also reported by Norsworthy (2004a) who additionally could show high vulnerability of 
soybean to glyphosate drift during (early) podfilling but not at later growth stages. 
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While these results very clearly indicate differential sensitivity of crops to glyphosate toxicity, 
the underlying causes are so far not studied in detail and poorly understood.  
Beside effects on growth and yield of crops, physiological and metabolic disturbances 
induced by glyphosate drift were observed in conventional soybean (Reddy et al., 2003; 
Zablotowicz et al., 2007), maize (Buehring et al., 2007), rice (Koger et al., 2005), and 
sunflower (Eker et al., 2006; Ozturk et al., 2008). Recently a study under hydroponic 
conditions with glyphosate application rates between 1.25-6.0% of the recommended 
concentration, revealed that glyphosate is antagonistic to the uptake, translocation, and tissue 
concentration of Fe, Mn and Zn in sunflower plants (Eker et al., 2006). As mentioned earlier, 
based on the chemical properties glyphosate acts as potent chelator of di- and trivalent cations 
potentially causing negative effects on availability of mineral nutrients for crop plants. 
According to Eker et al. (2006) formation of poorly soluble glyphosate-metal complexes is 
possibly the main factor responsible for the antagonism between glyphosate and cationic 
micronutrients. 
 
In line with this, Ozturk et al. (2008) showed that glyphosate application at 1, 3 and 6% of the 
recommended concentration reduced ferric reductase activity in sunflower roots. Under Fe 
deficiency 1.89mM glyphosate resulted in about 50% inhibition of ferric reductase activity 
within 6 h and complete inhibition within 24 h after the treatment (Ozturk et al., 2008). The 
observation that glyphosate decreased ferric reductase activity was attributed to impairment of 
soil Fe acquisition, resulting from the Fe-Gly complexes formed in soil (Ozturk et al., 2008; 
Sprankle et al., 1975c). Similar effects on ferric reductase activity were also observed by 
Bellaloui et al. (2009) in soybean. 
 
Impaired activity after exposure to glyphosate has been also reported for nitrate reductase in 
soybean and maize plants (Bellaloui et al., 2006; Reddy et al., 2010). Due to the well-known 
rapid growth inhibition and yield loss caused by N-deficiency of plants, glyphosate induced 
impaired nitrate reductase activity highlight the potential for severe yield loss in crops 
exposed to glyphosate drift. Beside this effect on the nitrate reductase, as shown by de María 
et al. (2005) and Bellaloui et al. (2006) glyphosate might cause impaired N-supply in 
leguminous plants by inhibition of the enzyme nitrogenase in N2-fixing symbionts. It has been 
shown that Bradyrhizobium japonicum possesses a glyphosate-sensitive EPSPS enzyme, thus 
and exposure to glyphosate may interfere with N2 fixation due to direct toxicity. 
 
Very recently Cakmak et al. (2009) showed that glyphosate rates between 0.06 and 1.2% of 
the recommended concentration for weed control affected not only micronutrients but also 
induced declined concentrations of Ca and Mg in young leaves and seeds of conventional 
soybean plants. According to Cakmak et al. (2009) due to their low transpiration capacity, 
young leaves, shoot tips and seeds are highly sensitive to small changes in Ca concentrations. 
Accumulation of glyphosate in such sink organs with low Ca concentration would induce 
physiological Ca deficiency by complexing Ca.  
Interestingly, Gilreath et al. (2000a) observed in pepper that glyphosate induced incidence of 
blossom-end rot indicating a negative effect on Ca-status of plants. According to Cakmak et 
al. (2009) in contrast to Ca and Mg, the concentrations of phosphorus (P), potassium (K) and 
sulfur (S) were not affected by glyphosate indicating that the decline in tissue concentrations 
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of Mg and Ca by glyphosate is a specific phenomenon and cannot be generalised to all 
macronutrients. 
 
2.4.2 Risks for glyphosate-resistant crops associated to direct exposure to glyphosate 
Due to its non-selective mode of action glyphosate-based herbicides had to be applied before 
emergence of crop plants in the past. However, with the development of glyphosate-tolerant 
crops, application of glyphosate for weed control during the vegetation period of crops 
became possible. 
 
In the United States, soybean was introduced in 1996 as the first glyphosate-resistant (GR) 
crops in agricultural plant production (Duke, 2005). Plants were developed by insertion of the 
cp4 epsps coding sequence derived from the common soil bacterium Agrobacterium sp. strain 
CP4 (Franz et al., 1997). This gene (CP4 EPSPS) directs the production of the 5-enolpyruvyl 
shikimate-3-phosphate synthase (EPSPS) that is less sensitive to inhibition by glyphosate 
compared to the endogenous EPSPS of non-transgenic soybean plants. Currently, glyphosate-
resistant crops introduced in agricultural practice include soybean, maize, cotton, canola, 
sugar beet and alfalfa and wheat in the development process. 
A new generation of glyphosate-resistant plants based on a new technique of Agrobacterium-
mediated gene delivery to meristems of crop plants, where cells were directly induced to 
produce shoots and give rise to transgenic plants has been developed recently (Martinell et al., 
2002). This technique, which has been so far only used in soybean, allowed direct 
transformation of the gene cassette into elite soybean germplasm such as Asgrow soybean 
variety A3244 (Paschal, 1997). Using elite germplasm as the base genetics, the superior 
agronomic characteristic of A3244 can be introgressed to other soybean varieties through 
crosses with the MON 89788 insertion event containing the CP4 EPSPS cassette (Taylor et 
al., 2007). In 2008, these second generation of glyphosate-resistant (RR2) cultivars were 
commercially available for farmers and promoted higher yields relative to the previous RR 
cultivars. Arguably, the process of introduction of new GR-crops (most probably rice) and 
new RR-techniques will increase in the near future. In fact several companies continue to 
work on discovering such new GR mechanisms. For example, a recent patent application 
describes new bacterial enzymes that metabolically inactivate glyphosate. The enzymes 
referred as GDC-1 and GDC-2 have homology to known decarboxylases and use a 
pyrophosphate cofactor (Hammer et al., 2007). 
  
Efficacy of glyphosate on a wide spectrum of weeds, simplicity and flexibility in application 
and lower herbicide cost, and the possibility to rotate GR-crops have encouraged farmers in 
the United States, Brazil, Argentina and other countries to plant more areas with glyphosate-
resistant (GR) crops each year (Gianessi, 2008; Reddy et al., 2000). In 2007 the global area 
planted to all genetically modified crops exceeded 113 million ha on which GR soybean 
occupied 58.6 million ha (52% of the global area planted to biotech crops), followed by GR 
maize (35.2 million ha at 31% of global area), and GR cotton (13.4 million ha at 12% of 
global area) (James, 2007). Indeed, based on average application rate and frequency and area 
treated, the amount of glyphosate applied to GR soybean in the United States increased by 52 
million kg from 1997 to 2004 (Benbrook, 2004). In 2009, 91% of the soybean, 71% of the 
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cotton, and 68% of the corn produced in the US was planted with GR-plants (U.S. 
Department of Agriculture, 2009). 
 
However, in parallel to the increase in cultivation of GR-crops there is also increase in 
observations of damage of glyphosate-resistant crops after application of glyphosate by 
farmers, extension service members and scientists. Particularly in GR-soybean, two distinct 
symptoms of damage after direct exposure to glyphosate during application for weed control 
have been observed. On the one hand, visual symptoms noticed in the field after glyphosate 
application to GR soybean include “yellow flashing” or yellowing of the young trifoliar leafs 
resembling micronutrient (Fe, Mn and Zn) deficiency. On the other hand emergence of 
smaller, darker and morphological deformed (stretching, cupping, crinkling, rolling) trifoliar 
leafs and shoot apices resembling disturbance of plant hormonal status were observed in GR-
soybean after glyphosate application. Similarly to damage of conventional soybean due to 
glyphosate drift, chlorosis on young leafs as well as leaf deformations appear to be transient 
in nature (Norsworthy, 2004b).  
Field observations in Brazil and the United States indicate that applications of glyphosate may 
directly or indirectly induce Fe, Zn and Mn deficiencies in GR as well as non-GR plants 
(Huber, 2006; Jolley and Hansen, 2004; Huber and McCay-Buys, 1993). Under field 
conditions Gordon (2007) could show that GR soybean compared to their near-isogenic non-
treated non-GR soybean required a higher Mn fertilisation to achieve maximum yields 
potentially indicating lower Mn use efficiency of GR-soybean due to insertion of genetically 
modified EPSP-synthase. In a recent study, Zobiole et al. (2010a, 2010b) found that 
glyphosate application, decreased macro- and micronutrients and shoot and root biomass in 
GR soybean as compared to their near-isogenic non-treated non-GR soybean or non-treated 
GR soybean. They also found that glyphosate application decreased stomatal conductance, 
chlorophyll concentration, and photosynthesis rate (Zobiole et al., 2010a, 2010c). In line with 
this, several studies reported growth depressions, chlorosis, leaf necrosis and micronutrient 
deficiencies after glyphosate applications with the recommended dosage (Duke et al., 2003; 
Jolley and Hansen, 2004; Reddy et al., 2004). Based on the well-documented ability of 
glyphosate to form stable complexes with metal cations such as Al, Fe, Zn, Mn and Ca 
(Sprankle et al., 1975c) hypothetically impaired micronutrient status of GR-crops might be 
related to the formation of metal-glyphosate complexes unavailable for plants. 
However, the underlying mechanisms of impaired micronutritional status of GR-plants remain 
not well understood.  
 
Emergence of morphological deformed trifoliar leafs and shoot apices are according to 
newsletters of extension services in United States frequently observed in GR-soybean after 
glyphosate application (Taylor, 2002; Bohner, 2002; Loux, 2007; Swoboda, 2004; Hager, 
2005). Whether this damage is caused by glyphosate is unknown. Damage symptoms have 
been attributed to drift of the growth regulator type of herbicides like Clarity, Banvel or 2,4-D 
(Taylor, 2002; Bohner, 2002; Loux, 2007; Swoboda, 2004; Hager, 2005). In cases were drift 
contamination could be ruled out damage was attributed to the ability of glyphosate 
formulations to solubilise residues of previously used herbicides, if tank cleanout has been 
inadequate (Taylor, 2002). However, based on its mode of action glyphosate might interfere 
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with auxin-, cytokinin- and/or gibberellin-status of plants. Thus a direct effect glyphosate 
cannot be ruled out. 
 
2.5 Potential risks for non-target plants associated to indirect exposure to glyphosate 
In comparison to risks for conventional and genetically modified GR-crops associated to 
direct exposure to glyphosate, risk factors for non-target plants associated to indirect exposure 
to glyphosate have not been studied systematically so far.  
 
In contrast to the obvious pathways of drift to/application on plants in case of a direct 
exposure, hypothetical pathways of indirect exposure to glyphosate are associated to transfer 
of phytotoxic glyphosate to non-target plants via the roots or rhizosphere of plants.  
 
2.5.1 Risks for non-target plants associated to pre-sowing glyphosate application on weed 
plants 
Glyphosate is often described as exhibiting little or no activity in soil due to nearly 
instantaneous adsorption on soil inorganic and organic particles (Piccolo et al., 1992, 1994; 
Piccolo and Celano, 1994; Gimsing et al., 2004; Zhou et al., 2004; Duke and Powles, 2008) 
and additionally because glyphosate in the soil solution is prone to rapid microbial and/or 
chemical degradation (Giesy et al., 2000; Gimsing et al., 2004). However, under field 
conditions considerable amounts of glyphosate can be intercepted and taken up by weed 
plants growing on the field before glyphosate is reaching the soil surface. Thus, an additional 
potential pool of glyphosate in soils is represented by the plant residues including roots of 
glyphosate-treated weeds and the fate of bound glyphosate in plant residues has not been 
widely considered in the past. 
As systemic herbicide, glyphosate is first absorbed by foliage and then translocated 
throughout the plant. Plant organs with high metabolic activity and growth rates such as 
nodules, root tips and shoot apex represent a high sink activity for glyphosate. In many plant 
species, glyphosate is not readily metabolised and considerable amounts can accumulate 
particularly in young tissues (Reddy et al., 2004). Experimental evidences are available 
showing substantial accumulation of foliar-applied glyphosate in such sink tissues (Schulz et 
al., 1990; Hetherington et al., 1999; Feng et al., 2003). According to Feng et al. (2003) up to 
80% of the glyphosate absorbed after foliar applications is translocated into shoot apex and 
root tips. Even at low foliar application rates, the sink tissues accumulate glyphosate at very 
high concentrations. A release of glyphosate by roots was first shown in a study of Coupland 
and Caseley (1979) who reported that intact quackgrass roots exuded significant amounts of 
14C-glyphosate into surrounding solution.  
 
Neumann et al. (2006) investigated the potential transfer of foliar applied glyphosate, released 
from roots of weed plants to non-treated indicator plants (sunflower seedlings, Helianthus 
annuus L.) simultaneously cultivated in hydroponics and in soil culture systems. Results of 
this study clearly demonstrate a release of glyphosate via the roots of target plants, which can 
be subsequently taken up by simultaneous growing non-treated plants, exerting inhibitory 
effects on the shikimate pathway, uptake of micronutrients (Mn) and plant growth. According 
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to Neumann et al. (2006) the release of glyphosate may occur from damaged roots of dying 
target plants but can be also released as exudates from undamaged roots of weeds. In line with 
this, also Pline et al. (2002a, 2002b), Guldner et al. (2005) and Tesfamariam (2009) have 
shown that glyphosate can be exuded from roots to soil, and cause growth inhibition to 
adjacent plants and seedlings. Results of Pline et al. (2002a, 2002b) indicate that transfer of 
foliar applied glyphosate, released from roots of weed plants even affects GR cotton 
seedlings, potentially due to tissue-specific lower expression of glyphosate-tolerant EPSPS-
synthesis in root tissue.  
 
Interestingly, transfer of systemic herbicides through the rhizosphere has also been observed 
in case of mesotrione and imazapyr (Boydston et al., 2008; Silva et al., 2004; Kanampiu et 
al., 2002). Similarly to glyphosate, the selective mesotrione is considered to be rapidly 
degraded in soils (Mitchell et al., 2001). Beside this, the major metabolites of mesotrione: 4-
methylsulfonyl-2-nitrobenzoic acid 2 (MNBA) and 2-amino-4-methylsulfonyl benzoic acid 3 
(AMBA) are not herbicidal (Armel et al., 2005). Under field conditions, selective application 
of mesotrione on single plants for control of volunteer potato in crops resulted in mesotrione 
damage of plants growing adjacent to treated volunteer potatoes. Apparently, mesotrione had 
not been rapidly degraded in the soil and moved from the treated plants to the adjacent non-
treated plants (Boydston et al., 2008). 
 
Beside damage of crop plants due to (immediate) rhizosphere transfer of accumulated 
glyphosate in roots of treated weed plants to roots of simultaneously growing crop plants, a 
few studies are indicating that root residues of glyphosate-treated weeds represent a potential 
pool of glyphosate in soils which is not readily degraded and thus potentially prolongs risks 
for non-target plants associated to phytotoxicity of glyphosate in the rhizosphere (Neumann et 
al., 2006; Tesfamariam, 2009). 
 
In a field study of Laitinen and Rämö (2005) 40 days after the application glyphosate, root 
concentrations of glyphosate treated weeds reached up to 2.7 mg kg−1 of dry weight, while 
glyphosate concentrations detected in 0–5 cm and 5–35 cm soil layers adjacent to the roots 
were 0.17 and 0.07 mg kg−1 of dry weight. These results indicate strong effects of glyphosate 
plant application on local glyphosate concentrations in soils as well as delayed degradation 
and preservation of phytotoxic glyphosate in the root tissue of glyphosate treated weed plants. 
According to Doublet et al. (2009) the fate of pesticides in plant residues in soil is under-
investigated and basically unknown. Studies with soybean and wheat suggested unspecific 
and non-covalent binding of glyphosate to starch and cell wall components (Komossa et al., 
1992). Release and degradation of 14C-labelled glyphosate in agricultural soils correlated with 
the soil-microbial activity but only after direct soil application. No such correlation was 
observed after soil incorporation of lyophilised soybean tissue cultures, contaminated with 
glyphosate. These findings suggest different mechanisms for degradation of glyphosate 
adsorbed to the soil matrix and bound in plant residues in the soils, respectively. In line with 
this Doublet et al. (2009) reported that absorption of glyphosate and sulcotrione in plants 
delays their subsequent soil-degradation, and particularly in case of glyphosate persistence in 
soil could increase two to six times.  
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Accordingly, results of model experiments (Neumann et al., 2006; Tesfamariam, 2009) and 
preliminary field trials in a no-tillage winter wheat cropping system (Römheld et al., 2008; 
Tesfamariam, 2009) gave indications of increased and prolonged phytotoxicity of glyphosate 
in case of plant application of glyphosate associated with impaired growth and nutritional 
status of crops (sunflower and wheat).  
Interestingly, also Rodrigues et al. (1982) discovered that glyphosate application at levels of 
2-12 L ha-1 on a low number of weed plants (5 plants pot-1) had no effect or even a growth 
stimulating effect on simultaneously cultivated maize and soybean plants. However, when the 
number of weed plants was increased to 30 plants pot-1, independent of the used soil type, 
significant damage was observed for both crops. Furthermore, the results of Rodrigues et al. 
(1982) suggest that exuded glyphosate was not adsorbed on soil constituents or biodegraded 
sufficiently rapid to exert growth effects on adjacent plants to occur. However, glyphosate 
damage of adjacent plants was most likely influenced by the density of treated weed plants. 
 
According to Doublet et al. (2009), the modifications of herbicide degradation in soil due to 
interception by plants should be considered for environmental risks assessment. However, no 
attempt to study risk factors associated to a plant application of glyphosate has been 
conducted so far. 
 
Beside of risks for non-target plants due to transfer of phytotoxic glyphosate from roots of 
glyphosate-treated weed plants, several studies indicate glyphosate-induced promotion of soil 
borne pathogens as cause for damage of non-target plants after pre-sowing glyphosate 
application.  
 
Several studies reported increase of infection of wheat with fungal pathogens (Fusarium, 
Phytium, Rhizoctonia), and also “green bridge” effects, when total herbicides were used to 
control weeds shortly before seeding of cereals (Smiley et al., 1992; Descalzo et al., 1998; 
Powell and Swanton, 2008). Particularly in cereals, the “green bridge” provided by volunteer 
cereals growing in summer is important for maintaining the life cycle of various pathogens 
(viruses, bacteria, fungi) and insect pests (Jiang et al., 2005). However, Bithell et al. (2009) 
observed that early or late timing of weed control with glyphosate before sowing of winter 
wheat caused similar infection rates of wheat plants by take all (Gaeumannomyces graminis 
var. tritici). Similarly, Fernandez et al. (2003, 2005, 2007, 2008, 2009) could show a long-
term effect of glyphosate application on infection of cereal plants by soil-borne fungal 
pathogens, such as Fusarium. 
Additionally, various studies reported increased susceptibility of glyphosate-resistant (GR) 
and non-resistant plants to a wide range of fungal pathogens (Fusarium, Phytium, 
Rhizoctonia) due to a direct effect of glyphosate by promotion of pathogens, or inhibition of 
plants own defence mechanisms (e.g. phytoalexins) caused by glyphosate toxicity on plants 
and/or antagonistic/ beneficial soil microorganisms or an impaired plant-nutritional status 
(Johal and Huber, 2009; Kremer et al., 2005; Kremer and Means, 2009; Yamada et al., 2009; 
Johal and Rahe, 1984, 1988, 1990; Neumann et al., 2006). 
  
In contrast to reports indicating increased pathogen pressure associated with glyphosate 
application, recent studies on GR soybean and wheat have shown particularly in case of 
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infections with rust fungi, glyphosate exhibits anti-fungal activity , thereby providing disease 
control benefits (Anderson and Kolmer, 2005; Feng et al., 2005, 2008). Additionally, it has 
been reported that soil-applied glyphosate can protect plants also against other soil-borne 
fungi (Berner et al., 1992) and that glyphosate application in GR wheat may potentially cause 
yield increase on soils infested with Rhizoctonia or Gaeumannomyces graminicola (Baley et 
al., 2005). 
 
 
2.5.2 Risks for non-target plants associated to re-mobilisation of phytotoxic glyphosate in 
the rhizosphere 
As described earlier, half-life times of glyphosate in soils are reported to be variable ranging 
from 1 day up to several months depending on soil and environmental conditions. However, 
due to very low phytotoxic activity of glyphosate in soils caused by rapid inactivation by 
adsorption to the soil matrix (Gimsing and Borggaard, 2002a, 2002b; Piccolo et al., 1992; 
Morillo et al., 1999, 2002; Borggaard and Gimsing, 2008) and microbial degradation of 
glyphosate in soil solution (Giesy et al., 2000; Schnürer et al., 2006; Kryosko and Lupicka, 
1997; Yakovleva et al., 1998; Obojska et al., 1999), risks of glyphosate toxicity to non-target 
organisms in soils are generally considered as marginal. 
 
However, since glyphosate adsorption in soils resembles adsorption of inorganic phosphorus 
(P) (Borggaard and Gimsing, 2008), re-mobilisation from the soil matrix may cause 
phytotoxic effects on non-target plants. Re-mobilisation of glyphosate from the soil matrix 
might be caused by (a) plant own strategies for mobilisation of P and Fe (e.g. under limited P-
and Fe supply), (b) by P-mobilising soil microorganisms or mycorrhizal fungi or (c) by 
application of fertilisers inducing pH changes in the rhizosphere (e.g. nitrate (NO3-) or 
ammonium (NH4+) or desorption of glyphosate (e.g. P fertilisers, chelators). 
Very few if any studies have been conducted to assess risks for plants associated to a re-
mobilisation of glyphosate from soils. Cornish (1992) reported detrimental effects of 
glyphosate pre-transplanting treatments on tomato in field and pot experiments on sandy loam 
soils, which were still detectable after waiting times of 3–4 weeks. However, this study used 
young tomato plants and no seeds, thereby increasing the risk of plant damage by glyphosate 
application. In his PhD research at the Institute for Plant Nutrition, Tesfamariam (2009) tried 
to assess the potential for re-mobilisation of glyphosate by application of synthetic P-
mobilising root exudates (citric acid, sodium- and potassium-citrate) simulating the response 
of P efficient plant species to P deficiency and re-mobilisation of glyphosate by pH-changes 
in the rhizosphere induced by application of nitrate (NO3-) or ammonium (NH4+). In this 
studies repeatedly growth inhibition of sunflowers (e.g. root growth) was however not 
associated with significant accumulation of shikimate as indicator for glyphosate toxicity.  
 
Adsorption and desorption characteristics of glyphosate in soils has been studied extensively 
to evaluate the risk of glyphosate leaching and groundwater pollution (Piccolo et al., 1992, 
1994; Piccolo and Celano, 1994; Nicholls and Evans, 1991; Hance, 1976; Hill, 2001; Gimsing 
and Borggaard, 2002a, 2002b, 2007; Gimsing et al., 2004, 2007; Borggaard and Gimsing, 
2008). Numerous of these studies showed that, depending on the soil conditions, phosphate 
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concentration is the most important factor in determining the amount of glyphosate adsorbed 
and that phosphate in some cases is able to completely desorb glyphosate fixed to the soil 
(Gimsing and Borggaard, 2002a; Nicholls and Evans, 1991). Thus, phosphate most likely 
plays an important role in determining the potential bioavailability of glyphosate (Cornish, 
1992; Laitinen et al., 2008). 
 
Surprisingly, the potential consequences of these interactions between glyphosate and 
phosphate for plants e.g. a remobilisation of phytotoxic glyphosate in soil by application of 
inorganic P fertilisers have not been systematically evaluated so far.  
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2.6 Aims of the study 
As shown in the previous sections, numerous potential risks for crop plants due to direct or 
indirect exposure to glyphosate might exist in agro-ecosystems. 
Mechanisms, pathways and consequences of glyphosate air drift for plants have been studied 
in considerable detail. By contrast, potential risk factors for crop plants associated with 
indirect exposure to glyphosate are presently poorly understood and not systematically 
evaluated so far. Also potential negative effects of glyphosate application on glyphosate-
resistant plants are not fully understood. This is surprising, since glyphosate treatments for 
weed control before sowing of conventional crops or during vegetation period of GR crops 
are arguably the most important applications of glyphosate in agricultural and horticultural 
production systems. 
 
Therefore, the aim of present study was a systematic evaluation of potential risks for crop 
plants by indirect exposure to phytotoxic glyphosate via the rhizosphere and risks for GR 
crops associated with application on the plants. 
In the first part, a series of hydroponic-, soil (model experiments) and field studies were 
conducted to identify factors influencing the risk for crop plants associated to glyphosate 
phytotoxicity in the rhizosphere after application on weed plants. 
In the second part, in a series of model experiments under greenhouse conditions, the 
potential for glyphosate remobilisation was evaluated in a bioassay with crop plants cultivated 
on contrasting soils. 
Finally, in the third part of the study, a series of model experiments under hydroponic and soil 
conditions was conducted to identify factors influencing the risk for GR crop plants associated 
to application of glyphosate.  
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3 Comparison of glyphosate application methods for investigations of the 
pathway of glyphosate transfer in the rhizosphere  
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3.1 Abstract 
Since fate and release of potentially phytotoxic glyphosate stored in root residues of weed 
plants and damage of subsequently grown crops is most likely influenced by a number of 
factors hardly controllable under field conditions, for a better understanding of the underlying 
mechanisms model experiments under controlled conditions are needed. However, simulating 
pre-crop glyphosate application in small scale experiments is a challenging task.  
Therefore, objective of this study was to compare suitable methods for pre-crop application of 
glyphosate on weeds in greenhouse experiments. For this purpose effects of different 
application methods by hand-held sprayer were compared to application with a track sprayer 
simulating application under field conditions with respect to their effect on treated weed- and 
subsequently crop plants.  
Dilution of spray solution to achieve appropriate volumes for hand-sprayer application of 
correct amounts of glyphosate per surface area of pots as recommended by Monsanto for 
small scale experiments proved unsuitable due to reduced herbicidal efficiency. Because of 
the self-limited translocation of glyphosate in planta, glyphosate application with a hand-held 
sprayer based on the estimated leaf surface area of weed plants induced in comparison to a 
track sprayer highly similar damage of crop plants and accumulation of shikimate as 
physiological indicator of glyphosate toxicity.  
Therefore, application of glyphosate with a hand-held sprayer based on the estimated leaf 
surface area of weed plants is potentially a suitable alternative glyphosate application method 
for experiments investigating risk factors for crop plants associated to glyphosate stored in 
roots and root residues of treated weed plants when track spraying devices are not available. 
 
Nomenclature: Glyphosate, N-(phosphonomethyl)glycine; wheat, Triticum aestivum (L.); rye 
grass, Lolium perenne (L.); sugar beet, Beta vulgaris (L.); soybean, Glycine max (L.) 
 
Keywords: Glyphosate; application methods; small scale experiments; weed plants; self-
limited translocation; rhizosphere transfer 
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3.2 Introduction 
Risks of glyphosate (N-(phosphonomethyl)glycine) toxicity to non-target organisms in soils 
are generally considered as marginal, since glyphosate in the soil solution is prone to rapid 
microbial degradation or almost instantaneous inactivation by sorption to the soil matrix 
(Giesy et al., 2000).  
 
However, an additional potential pool of phloem-mobile herbicides (e.g. glyphosate) in soils, 
which has not been widely considered so far, might be present in plant residues of treated 
weeds. Recently, Doublet et al. (2009) reported that absorption of herbicides in plant delays 
their subsequent soil-degradation, and particularly in case of glyphosate persistence in soil 
could be increased two to six times and should be considered for environmental risk 
assessments. In line with this, field trials in no- or reduced tillage systems revealed strong 
damage of winter wheat (Triticum aestivum L.) in case of short waiting time between 
glyphosate application to different weed plant species and sowing of plants (Römheld et al., 
2008). Accordingly, glyphosate residues in target weeds potentially act as a transient storage 
pool of active glyphosate in soils associated with a risk of contact contamination of crops.  
 
To achieve results relevant under real farming conditions, assessments of risks associated to 
glyphosate stored in tissue of glyphosate treated weed plants need to be done under field 
conditions. However, fate and release of potentially phytotoxic glyphosate stored in weed 
plants and damage of subsequently grown crops is most likely influenced by factors such as 
weed densities, soil moisture levels and temperature at time of application on weed plants as 
well as at sowing of crop plants which are hardly controllable under field conditions. 
Therefore, for a better understanding of the underlying mechanisms model experiments under 
controlled conditions are needed. 
 
However, translation of field application rates of glyphosate to small scale model experiments 
and correct implementation of glyphosate application are challenging tasks. Thus, the present 
study was initiated to compare potential methods for glyphosate application in small scale 
experiments investigating factors influencing the transfer of glyphosate from weeds to crops 
via the rhizosphere.  
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3.3 Material and methods 
In greenhouse experiments under soil conditions glyphosate was applied in its commercial 
Roundup Ultramax® formulation in three different concentrations (28.4 mM, 56.8 mM and 
113.6 mM) with a track-spraying device (hereafter TSA) or a hand-held sprayer to “self-sown 
wheat” pre-cultured for 10 days at a density of 4 g seed pot-1 as weed plants. Application of 
glyphosate by hand-held sprayer was performed in two ways: application based on the surface 
area of weed plants (Tesfamariam, 2009) (with approx. 1000 cm2 pot-1/ application of 1.86 ml 
pot-1) (hereafter LSA) or as recommended by Monsanto based on the pot surface area 
(hereafter DPA). As already indicated in the recommendation of Monsanto for glyphosate 
application in small scale experiments, in case of application based on pot surface area spray 
solution had to be 1:10 diluted with double deionised water (final concentrations: 2.84 mM, 
5.68 mM and 11.36 mM) to achieve manageable volumes of solution (Monsanto person. 
communication). To avoid the possibility for above ground contamination of indicator plants 
with glyphosate, shoots of treated weed plants were cut close to soil level and removed from 
the pots before indicator plants emerged (4-5 days after sowing).  
In control treatments without glyphosate application, shoots of weed plants were removed 
manually by cutting at the soil level.  
 
As bio-indicator of potential glyphosate damage, 10 seeds of winter wheat (cv. Isengrain-B) 
were sown subsequently into the same pots. In all experiments, visual plant damage, biomass 
production and intracellular shikimate accumulation in roots and shoots as physiological 
indicator of glyphosate toxicity were recorded. 
 
3.4 Results and Discussion 
Glyphosate application on weed plants 2 days before seeding of winter wheat as non-target 
plants conducted by TSA caused in case of application of 4-, 8- or 16 L glyphosate ha-1 
effective desiccation of pre-cultured weed plants (Fig. 3.1, Fig. 3.2). Similarly, glyphosate 
application conducted by LSA caused in all glyphosate concentrations applied satisfying 
desiccation of weed plants. In contrast to this, application of 4 L glyphosate ha-1 conducted by 
DPA completely failed to desiccate weed plants within the vegetation period of 14 days (Fig. 
3.1).  
Some regrowth of weed plants was also observed in case of 8 L glyphosate ha-1 as DPA 
application (data not shown). However, during the ongoing vegetation period the treated weed 
plants died off as well at both higher application rates. However, 8- or 16 L glyphosate ha-1 do 
not represent realistic or recommended application rates at field conditions.  
Herbicide uptake by leaves is according to Leaper and Holloway (2000) dependent on surface 
activity, hygroscopicity and intrinsic uptake behaviour and strongly influenced by the 
physicochemical properties of the adjuvant. Addition of surfactants/adjuvants to glyphosate 
spray solution most likely significantly improves spray retention, affects spreading of spray 
droplets, increases the rate of penetration or enhances its biological activity by suppression of 
inactivation of glyphosate by crystallisation on the leaf surface (Leaper and Holloway, 2000). 
Weed control efficiency of glyphosate has been reported to be reduced due to dilution of 
surfactants caused by decreased penetration of barriers of glyphosate uptake, decreased 
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surface activity and potentially increased run-off (Holloway, 1994; Briggs and Bromilow, 
1994; Leaper and Holloway, 2000).  
Hence, most likely limited desiccation of weed plants in case of DPA application of 4L 
glyphosate ha-1 as recommended by Monsanto for small scale experiments is explainable by 
dilution of surfactants causing limited uptake of glyphosate by leaves of weed plants. 
Therefore, results indicated that the DPA application method based on the pot surface area in 
diluted spray solution as recommended by Monsanto for small scale experiments is not 
suitable for experiments.  
 
Dilution of herbicide spray solution is also frequently used to simulate events of glyphosate 
drift in model experiments and field trials. Therefore, decrease in efficiency of herbicide 
uptake by plants caused by dilution of adjuvants in glyphosate spray solution might be also of 
relevance in these studies.  
 
 
 
 
 
 
Chapter 3 – Glyphosate application methods 
 
  
35
 
 
 
Fig. 3.1: Visual effects of different methods for glyphosate application on winter wheat  
Visual effects were compared between different methods for application of Roundup Ultramax® (glyphosate) on “self-sown” wheat as pre-cultured weed plants and 
winter wheat (Triticum aestivum L.) sown as subsequently crop plants at a waiting time of two days after application. Glyphosate application with a track sprayer 
simulating application technique used under field conditions (TSA) (left) or application with a hand-held sprayer based on the estimated leaf surface area of weed plants 
(LSA) (middle) showed complete desiccation of weed plants and damage of subsequently grown indicator plants in case of glyphosate application levels of 4 L 
glyphosate ha-1. Glyphosate application with a hand-held sprayer based on the pot surface area with diluted spray solution (DPA) as recommended by Monsanto for small 
scale experiments (right) failed to desiccate weed plants causing substantial regrowth of weeds. 
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Pre-crop glyphosate application 2 days before seeding of winter wheat caused a significant 
decline in shoot- and root biomass in comparison to untreated control in case of all three 
methods for glyphosate application evaluated. Surprisingly, different concentrations or 
different amounts of glyphosate applied did not cause different expression of damage in terms 
of lower shoot- or root biomass (Fig. 3.2).  
 
 
Fig. 3.2: Shoot and root biomass of winter wheat plants depending on glyphosate application 
method 
Shoot and root biomass of winter wheat (Triticum aestivum L.) plants were measured at final harvest 
(14 days after germination). Winter wheat seeds were sown 2 days after different concentrations of 
glyphosate (4-,8- or 16 L glyphosate ha-1) were applied as Roundup Ultramax® on pre-cultured weed 
plants (wheat) with a track sprayer simulating application technique used under field conditions (TSA), 
with a hand-held sprayer based on the estimated leaf surface area of weed plants (LSA) or with a hand-held 
sprayer based on the pot surface area in diluted spray solution (DPA) as recommended by Monsanto for 
small scale experiments. Shoots of treated weed plants were cut close to soil level and removed from the 
pots before indicator plants emerged (4-5 days after sowing). In control treatments (Control) without 
glyphosate application, shoots of target-plants were removed by cutting at the soil level with a sharp knife. 
Data represent means and standard deviations of 4 independent replicates. Significant differences (p<0.05) 
are indicated by different characters.  
 
Analysis of shikimate in root tissue of winter wheat plants as specific physiological indicator 
of glyphosate toxicity revealed a significant increase of accumulation in case of glyphosate 
TSA- and LSA-application of glyphosate on pre-cultured weed which was not observed in 
control treatment and in case of DPA-application at 4 L ha-1 rate (Fig. 3.3).  
 
Later might indicate that the observed decline in shoot- and root biomass of indicator wheat 
plants was not caused by a transfer of phytotoxic glyphosate in the rhizosphere from treated 
weeds but by a high competition between not desiccated weed plants and emerging wheat 
crop plants. 
  
In line with the results of other studies, damage of crop plants in case of short waiting time 
between glyphosate application on weeds and subsequent sowing of crops is most likely 
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caused by transfer of glyphosate from roots of treated target weeds through the rhizosphere to 
subsequently grown crop plants (Rodrigues et al., 1982; Neumann et al., 2006; Römheld et 
al., 2008).  
Similarly, in addition to equivalent expression of damage and decline in shoot- and root 
biomass, no significant differences in shikimate accumulation were observed between 
different concentrations and amounts of glyphosate applied with TSA- and LSA-application 
(Fig. 3.3).  
 
 
Fig. 3.3: Intracellular shikimate concentrations in root tissue of winter wheat depending on 
glyphosate application method 
Shikimate concentrations as physiological indicator for glyphosate phytotoxicity were measured at final 
harvest (14 days after germination). Indicator winter wheat (Triticum aestivum L.) plants were sown 2 days 
after different concentrations of glyphosate (4-, 8- or 16 L glyphosate ha-1) were applied as Roundup 
Ultramax® on pre-cultured weed plants (wheat) with a track sprayer simulating application technique used 
under field conditions (TSA), with a hand-held sprayer based on the estimated leaf surface area of weed 
plants (LSA) or with a hand-held sprayer based on the pot surface area in diluted spray solution (DPA) as 
recommended by Monsanto for small scale experiments. Shoots of treated weed plants were cut close to 
soil level and removed from the pots before indicator plants emerged (4-5 days after sowing). In control 
treatments (Control) without glyphosate application, shoots of target-plants were removed by cutting at the 
soil level with a sharp knife. Data represent means and standard deviations of 4 independent replicates. 
Significant differences (p<0.05) are indicated by different characters.  
 
Most likely these results can be explained by self-limited translocation of glyphosate from 
leaves of treated weed plants to roots leading to comparable amounts of glyphosate in root 
tissue which are subsequently released into the rhizosphere and potentially transferred to crop 
plants. In line with this, Geiger et al. (1999) observed in case of foliar application of 
glyphosate on sugar beet (Beta vulgaris L.) clear indications for self-limited translocation of 
glyphosate. In this study export of glyphosate from treated leaves essentially stopped 10 hours 
after application in glyphosate-sensitive (GS) plants. According to various reports, after 
uptake of glyphosate by leaves of treated plants, glyphosate is not readily metabolised in most 
Chapter 3 – Glyphosate application methods 
 
  
38 
 
plant species. Glyphosate is mobile in phloem and long distance transport through the plant 
following the same source-to-sink pattern that occurs for photoassimilates (Sprankle et al., 
1975c; Gougler and Geiger 1981). In a study by Geiger et al. (1999), inhibition of 
photoassimilate translocation and glyphosate translocation coincided, confirming that 
glyphosate export from treated leaves was inhibited by disruption of a process that drives 
carbon export. Similarly, Hess (1999) reported self-limitation of glyphosate translocation 
from treated leaves caused by effects on carbon metabolism in source leaves with various 
disturbances such as disruption of aromatic amino acid biosynthesis, increased diversion of 
carbon to shikimate pathway, reduction of carbon pool available for Calvin cycle, decreased 
starch synthesis, decreased export of triose to cytoplasm and decreased phloem transport of 
assimilates.  
Because of the potential for self-limited translocation of glyphosate in treated weed plants 
results of studies like Rodrigues et al. (1982), Neumann et al. (2006) and Tesfamariam (2009) 
indicating a rhizosphere transfer of glyphosate from treated weeds to subsequently grown 
crops have practical relevance despite the amounts of glyphosate applied were higher 
compared to farmers practice/ legislations.  
In additional experiments repeating the experimental set-up of Tesfamariam (2009), a 
comparison of the TSA- and LSA-application method revealed after glyphosate application 
on pre-cultured rye grass (Lolium perenne L.) significant damage of crops induced by 
rhizosphere transfer of glyphosate. However, again no significant differences between the 
application methods in terms of decline in biomass production (Fig. 3.4) or accumulation of 
shikimate as indicator of glyphosate toxicity was observed (data not shown).  
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Fig. 3.4: Visual effects and plant biomass of soybean depending on glyphosate application 
method 
Soybean (Glycine max L.) as indicator plants were sown 4 days after glyphosate (4 L ha-1) was applied as 
Roundup Ultramax® on pre-cultured rye grass (Lolium perenne L.) plants with a track sprayer simulating 
application technique used under field conditions (TSA) or with a hand-held sprayer based on the estimated 
leaf surface area of weed plants (LSA). Shoots of treated weed plants were cut close to soil level and 
removed from the pots before indicator plants emerged (4-5 days after sowing). In control treatments 
(Control) without glyphosate application, shoots of target-plants were removed by cutting at the soil level 
with a sharp knife. Measurements were done at final harvest (20 days after sowing). Data represent means 
and standard deviations of 4 independent replicates. Significant differences (p<0.05) are indicated by 
different characters.  
 
In conclusion, the achieved results indicated that glyphosate LSA-application with a hand-
held sprayer based on estimation of leaf surface area of weed plants can be used as a realistic 
application method for studies investigating factors influencing rhizosphere transfer of 
glyphosate from weed- to subsequently grown crop plants in cases where preferable 
equipment for glyphosate application in small scale experiments (e.g. various track spraying 
devices) is not available.  
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4 Glyphosate in the rhizosphere - Role of waiting times and different 
glyphosate binding forms in soils for phytotoxicity to non-target plants 
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4.1 Abstract 
Glyphosate is the most widely used non-selective, systemic herbicide. It is easily translocated 
from shoot to roots and released into the rhizosphere, where it is immobilised at the soil matrix or 
microbially degraded. However, contradictory results are reported in the literature concerning the 
bio availability of glyphosate residues in soils and the potential risks for intoxication of non-
target organisms. This study addresses the question whether plant residues of glyphosate-treated 
weeds (model plant perennial rye grass, Lolium perenne L.) or direct soil application of 
glyphosate bears an intoxication risk for subsequently cultivated sunflower (Helianthus annuus 
L.) seedlings. The experiments were conducted as greenhouse studies on two soils with 
contrasting properties (acidic, sandy Arenosol, calcareous loess subsoil). Also the potential role 
of different waiting times between glyphosate application and sunflower cultivation was 
considered. 
 
On both soils, sunflower seedling growth and biomass production was strongly impaired by 
glyphosate pre-sowing treatments in the variants with 0 day waiting time and recovered within a 
waiting time of 7–21 days. Generally, the detrimental effects were more pronounced after 
glyphosate weed application (90% biomass reduction) compared with direct soil application (55-
70 % biomass reduction) at waiting time 0 day. The inhibitory effects on seedling growth were 
associated with a corresponding increase in shikimate accumulation in the root tissue as 
physiological indicator for glyphosate toxicity. Glyphosate intoxication of sunflower seedlings 
was also associated with an impairment of the manganese-nutritional status, which was still 
detectable after a waiting time of up to 21 days, particularly on the Arenosol in the variants with 
glyphosate weed application. These findings indicate an important and yet un-investigated role of 
glyphosate in plant residues in determining the risk of non-target plant intoxication. 
 
Keywords: Glyphosate, Manganese, Micronutrient, Rye grass, Shikimate, Sunflower 
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4.2 Introduction 
Glyphosate (N-phosphonomethylglycine) is the most widely used broad-spectrum herbicide on 
global scale. After foliar application, it is absorbed by the foliage and translocated throughout 
stems, leaves and roots of the entire plant, finally accumulating preferentially in young growing 
tissues (Franz et al., 1997). The herbicidal effect is based on inhibition of the shikimate pathway 
enzyme 5-enolpyruvylshikimic acid-3-phosphate synthase (EPSPS), involved in the biosynthesis 
of aromatic amino acids and phenolic compounds (Della-Cioppa et al., 1986; Franz et al., 1997). 
Therefore, glyphosate application frequently induces intracellular accumulation of shikimate, 
which can be used as a sensitive physiological indicator for glyphosate toxicity (Henry et al., 
2007). 
 
Glyphosate can reach the soil via foliar wash-off and undirected spray drift contamination (Al-
Kathib and Peterson, 1999; Ellis and Griffin, 2002) and by exudation from roots or death and 
decomposition of treated plant residues (von Wirén-Lehr et al., 1997; Neumann et al., 2006; 
Laitinen et al., 2007). However, risks of glyphosate toxicity to non-target organisms in soils are 
generally considered as marginal, since glyphosate is almost instantaneously inactivated by 
adsorption to clay minerals and cationic binding sites of the soil matrix (Piccolo et al., 1992; 
Dong-Mei et al., 2004), while glyphosate in the soil solution is prone to rapid microbial 
degradation (Giesy et al., 2000). 
 
An additional potential pool of glyphosate accumulation and stabilisation in soils is represented 
by the plant residues of glyphosate-treated weeds. Since in many plant species, glyphosate is not 
readily metabolised, considerable amounts can accumulate particularly in young tissues (Reddy 
et al., 2004). However, the fate of bound glyphosate in plant residues has not been widely 
considered in the past. Studies with soybean and wheat suggested unspecific and non-covalent 
binding of glyphosate to starch and cell wall components (Komossa et al., 1992). The release and 
degradation of 14C-labelled glyphosate in various agricultural soils correlated with the soil-
microbial activity but only after direct soil application. No such correlation was observed after 
soil incorporation of lyophilised soybean tissue cultures, contaminated with glyphosate. These 
findings suggest different mechanisms for degradation of glyphosate adsorbed to the soil matrix 
and bound in plant residues in the soils, respectively. No information exists on factors 
determining the stabilisation and release of glyphosate bound in plant residues and the potential 
risks for non-target organisms getting in contact with these residues. 
 
An increasing number of yet unexplained observations of negative side effects after glyphosate 
application has been reported in the literature (Smiley et al., 1992; King et al., 2001; Kremer et 
al., 2001; Charlson et al., 2004; Fernandez et al., 2005; Huber et al., 2005; Yamada, 2006; 
Neumann et al., 2006), which have been related to direct toxicity of glyphosate, impairment of 
the micro nutritional status and increased susceptibility to plant diseases. This study was initiated 
to investigate the influence of glyphosate residues in the root tissue of glyphosate-treated weeds 
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on plant biomass production, intracellular shikimate accumulation as indicator for glyphosate 
toxicity and the micronutrient status of subsequently cultivated non-target plants in comparison 
with direct glyphosate soil application. The study was conducted using rye grass (Lolium perenne 
L. cv. Kelvin) as target weed and sunflower (Helianthus annuus L. cv. Frankasol) seedlings as 
non-target plants, considering also the impact of different waiting times after glyphosate 
application for the subsequent culture, as well as two contrasting soils with different binding 
properties for glyphosate. In addition, the findings of these model pot experiments were 
compared with observations of field experiments of local farmers. 
 
4.3 Materials and methods 
Conditions for plant growth 
Experiments were conducted under greenhouse conditions, using two contrasting soils with 
different cationic binding sites for glyphosate: a sandy acidic Ap horizon of an Arenosol with low 
buffering capacity (pH (CaCl2) 4.5; Corg 0.16 %; water-extractable Ca2+ and Mg2+ (Beck et al., 
2000) [mg kg−1 soil]: 0.4 and 0.4), and with a well-buffered calcareous loess subsoil (pH (CaCl2) 
7.6; Corg < 0.3%; CaCO3 23.3%; water-extractable Ca2+ and Mg2+ [mg kg−1 soil]: 59.9 and 11.3). 
Calcium chloride–diethylenetriamine penta acetic acid (CAT)-extractable micronutrient 
concentrations [mg kg−1 soil]: Mn= 7.4, Fe = 369.0, Zn = 0.8, B = 0.9, and Cu 0.5 (VDLUFA, 
2004), exchangeable Al3+ (McLean, 1982) = 0.04 cmol kg−1 soil for the Arenosol and Mn= 15.0, 
Fe = 7.8, Zn = 0.6, B = 0.2 and Cu = 0.7 (VDLUFA, 2004). Soils were sieved by passing through 
a 2mm mesh size and fertilised with N as Ca(NO3)2 (100 mg N kg−1 soil), K as K2SO4 (150 mg K 
kg−1 soil), Mg as MgSO4 (50 mg Mg kg−1 soil) and P as Ca(H2PO4)2 (80 mg P kg−1 soil). In 
addition, the calcareous subsoil was supplied with Fe as FeEDTA (20 µmol kg−1 soil). Plant 
culture was performed in pots containing 500 g of fertilised soil and soil moisture was adjusted to 
70% of the soil water-holding capacity (15 %, w/w for the Arenosol and 18 %, w/w for the 
calcareous loess subsoil). Water losses were determined gravimetrically and replaced by daily 
applications of deionised water. 
Glyphosate plant application 
To investigate the effects of glyphosate residues in the root tissue of target weeds on 
subsequently cultivated non-target plants, rye grass (L. perenne L. cv. Kelvin) was pre-cultivated 
as model-weed in 500 g pots filled with the fertilised soils. A sowing density of 2.2 g rye grass 
seeds (germination rate 70 %) per pot with a surface area of 100 cm2 was used to simulate high 
weed coverage of the soil with intense root development (Fig. 1). At 10 days after sowing (DAS), 
the young rye grass seedlings were sprayed with the recommended dilution of Roundup 
Ultramax® glyphosate formulation (Monsanto Agrar, Düsseldorf, Germany), containing a 
glyphosate concentration of 28.4 mM in the spray solution using a hand-held sprayer. Each pot 
received 6.7 mL of glyphosate spray solution on the leaves, based on determination of the rye 
grass leaf area coverage (approximately 3300 cm2 per pot) and the plants died within 7 days, a 
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typical time period usually observed also under field conditions (Pilot experiments with lower 
doses of glyphosate failed to desiccate the rye grass plants completely even within 3–4 weeks). 
Subsequently, sunflower seeds (H. annuus L. cv. Frankasol) were sown into the same pots 
(7 seeds per pot) at 0, 7, 14 and 21 days after rye grass glyphosate application. After desiccation, 
rye grass residues were removed and no disturbance of the soil in the pots was under taken. This 
time period was defined as “waiting time” (Fig. 4.1). 
 
In control treatments without glyphosate application, rye grass shoots were removed by cutting at 
the soil level with a sharp knife. A time schedule with sequential sowing dates for the rye grass 
pre-culture was employed to ensure the same sowing day and thus the same external growth 
conditions for all sunflower seedlings, irrespective of the waiting time. All treatments were 
performed in 4 replicates (Fig. 4.1). 
Glyphosate soil application 
To assess the effects of glyphosate in the soil on non-target plants, the same amount of 
glyphosate as applied to the target weeds (6.7 mL of a Roundup Ultramax® solution containing a 
glyphosate concentration of 28.4 mM) was mixed directly with 500 g of the fertilised soils. 
Controls received only mineral nutrients and water. After a waiting time of 0, 7, 14 and 21 days, 
sunflower seeds were sown (7 seeds per pot) at the same day as in the treatments with rye grass 
weed pre-culture (Fig. 4.1). 
 Plant harvest 
At 12 days after sowing (DAS), a first set of sunflower seedlings was removed from the pots. 
Roots and shoots were separated, frozen in liquid nitrogen and stored at −20 ◦C for shikimate 
analysis. In each pot, two seedlings were kept and further cultivated until 25 DAS. At final 
harvest, the root systems were washed out from the soil, and shoot and root parts were separated 
for biomass determination. The youngest fully expanded leaves were selected for analysis of 
micronutrients. 
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Fig. 4.1: Shoot and root development of sunflower depending on glyphosate application method 
Sunflower seedlings were grown for 25 days after sowing on an acidic Arenosol with (+Gly) or without (−Gly) 
pre-sowing glyphosate treatments on a pre-culture with Lolium perenne or direct glyphosate soil application. 
 
Shikimate analysis 
Shikimate in acidic tissue extracts was analysed with modifications of the methods described by 
Singh and Shaner (1998) and Neumann (2006). The frozen plant tissue was homogenised with 
5% orthophosphoric acid (1 mL 100 mg−1 fresh weight) using mortar and pestle. Insoluble 
material was removed by centrifugation (5 min at 20,000 × g) and the supernatant was used for 
HPLC analysis after appropriate dilution with the HPLC mobile phase. HPLC separation was 
performed by ion exclusion chromatography using an Aminex 87H column (Bio-Rad, Richmond, 
CA, USA) designed for organic acid analysis. A sample volume of 20µL was injected into the 
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isocratic flow (0.5 mL min−1) of the eluent (2.5 mM H2SO4, 40◦C) and organic acids were 
detected spectrophotometrically at 210 nm. Identification and quantification of shikimate was 
conducted by comparing the retention times, absorption spectra and peak areas with a known 
standard. 
Analysis of micronutrients 
Shoot mineral nutrients were determined according to Gericke and Kurmies (1952). Dried leaves 
(70 °C) were ground and ashed in a muffle furnace at 500 °C for 5 h. After cooling, the samples 
were extracted twice with 2mL of 3.4 M HNO3 (v/v) and subsequently evaporated to dryness. 
The ash was dissolved in 2mL of 4M HCl, subsequently diluted 10-fold with hot deionised water, 
and boiled for 2 min. After addition of 0.1 mL Cs/La buffer to 4.9 mL ash solution, Fe, Mn and 
Zn concentrations were measured by atomic absorption spectrometry (UNICAM 939, 
Offenbach/Main, Germany). 
Statistics 
All treatments comprised 4 replicates and pots were arranged in the greenhouse in a completely 
randomised block design. Analysis of variance was performed with SPSS statistics software 
package (SPSS Inc., IL, USA). 
 
4.4 Results 
Biomass production of sunflower seedlings was not influenced by the two contrasting soils 
(acidic Arenosol, calcareous loess subsoil) used for plant culture. However, glyphosate pre-
sowing treatments substantially reduced seedling dry matter, particularly in the variant with a 
waiting time of 0 day after glyphosate application for sowing of sunflower (Tab. 4.1, 4.2). The 
inhibitory effect was more strongly expressed when glyphosate was applied on a pre-culture of 
rye grass, associated with a reduction of root and shoot biomass by approximately 90%, 
compared with direct soil application, leading to a reduction of shoot biomass by 55–57 % and of 
root biomass by 67–73 % (Tab. 4.1, 4.2; Fig. 4.1). The inhibitory effects declined with increasing 
waiting times, but still remained detectable even at 21 days after glyphosate application, although 
the differences were not significant in all cases. 
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Fig. 4.2: Germination and seedling development of sunflower plants depending on glyphosate 
application method  
Sunflower plants were grown on an acidic Arenosol at 21 days after desiccation of a ryegrass pre-culture by 
foliar glyphosate application (plant application) and after direct soil application of the same glyphosate dose 
(soil application). 
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Tab. 4.1 Shoot and root dry matter of sunflower plants depending on glyphosate application method 
and waiting time 
Sunflower plants were grown 25 days after sowing on an acidic Arenosol with glyphosate application at 0, 7, 
14 and 21 days before sowing to a pre-culture of rye grass or directly incorporated into the soil, respectively. 
Data represent means and standard deviations (±SD) of 4 independent replicates. Significant differences 
between treatments within a column are indicated by different characters. 
Treatment 
Shoot biomass (g) Root biomass (g) 
Plant application  Soil application Plant application Soil application 
0d –Gly 0.59±0.05ab 0.58±0.03ab 0.27±0.03ab 0.27±0.03ab 
0d +Gly 0.07±0.03c 0.26±0.06bc 0.04±0.02c 0.09±0.02bc 
7d –Gly 0.32±0.04bc 0.56±0.02ab 0.32±0.07a 0.27±0.02ab 
7d +Gly 0.40±0.3abc 0.52±0.03ab 0.27±0.19ab 0.26±0.01ab 
14d –Gly 0.37±0.06bc 0.56±0.07ab 0.35±0.02a 0.35±0.05a 
14d +Gly 0.57±0.06ab 0.55±0.02ab 0.33±0.06a 0.28±0.01ab 
21d –Gly 0.75±0.11a 0.54±0.05ab 0.41±0.03a 0.32±0.04a 
21d +Gly 0.46±0.46ab 0.56±0.05ab 0.24±0.24abc 0.31±0.03a 
     
 
Tab. 4.2 Shoot and root dry matter of sunflower plants depending on glyphosate application method 
and waiting time 
Sunflower plants were grown 25 days after sowing on a calcareous loess subsoil with glyphosate application at 
0, 7, 14 and 21 days before sowing to a pre-culture of rye grass or directly incorporated into the soil, 
respectively. Data represent means and standard deviations (±SD) of 4 independent replicates. Significant 
differences between treatments within a column are indicated by different characters. 
Treatment 
Shoot biomass (g) Root biomass (g) 
Plant application  Soil application Plant application Soil application 
0d –Gly 0.53±0.04abc 0.59±0.06ab 0.29±0.02abc 0.26±0.01abc 
0d +Gly 0.05±0.02e 0.23±0.09de 0.03±0.02e 0.07±0.03de 
 
7d –Gly 0.35±0.04
bcd 0.54±0.03abc 0.28±0.03abc 0.26±0.02abc 
7d +Gly 0.38±0.19bcd 0.48±0.11abc 0.17±0.12cd 0.22±0.05bc 
 
14d –Gly 0.32±0.04
cd 0.45±0.03abcd 0.33±0.05ab 0.26±0.03abc 
14d +Gly 0.31±0.19cd 0.42±0.07abcd 0.22±0.07bc 0.22±0.06bc 
 
21d –Gly 0.65±0.11
a 0.47±0.16abcd 0.38±0.07a 0.30±0.06abc 
21d +Gly 0.57±0.02ab 0.53±0.02abc 0.30±0.03abc 0.30±0.05abc
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The detrimental effects of glyphosate pre-sowing treatments on plant growth were reflected in a 
corresponding increase in shikimate concentrations in the root tissue as a physiological indicator 
for glyphosate toxicity (Fig. 4.3, 4.4). In this case, the differences between the two glyphosate 
application modes already observed for inhibition of seedling growth (Tab. 4.1, 4.2) were even 
more expressed, and intracellular shikimate accumulation was increased by 10–100-fold in the 
treatment with glyphosate applied to pre-cultured rye grass seedlings, compared with direct soil 
application (Fig. 4.3, 4.4). 
 
In contrast to direct soil application of glyphosate, the treatments with glyphosate application to 
the Lolium pre-culture were characterised by non-homogeneous germination and large 
differences in seedling development of sunflower (Fig. 4.2). This was reflected in a high 
variability of biomass data (Tab. 4.1, 4.2) and intracellular shikimate accumulation in the 
respective treatments (Fig. 4.3, 4.4). 
 
 
Tab. 4.3 Intracellular shikimate accumulation in the root tissue of sunflower seedlings grown on an 
acidic Arenosol, depending on glyphosate application method and waiting time 
Sunflower seedlings were grown 12 days after sowing on an acidic Arenosol with glyphosate application at 0, 
7, 14 and 21 days before sowing to a pre-culture of rye grass or directly incorporated into the soil, respectively. 
Data represent means and standard deviations of 4 independent replicates. The background levels of shikimate 
concentrations are shown as numeric values. 
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Fig. 4.3: Intracellular shikimate accumulation in the root tissue of sunflower seedlings grown on a 
calcareous loess subsoil, depending on glyphosate application method and waiting time 
Sunflower seedlings were grown 12 days after sowing on a calcareous loess subsoil with glyphosate application 
at 0, 7, 14 and 21 days before sowing to a pre-culture of rye grass or directly incorporated into the soil, 
respectively. Data represent means and standard deviations of 4 independent replicates. The background levels 
of shikimate concentrations are shown as numeric values. 
 
The pre-culture of rye grass without glyphosate application obviously increased Mn acquisition 
of sunflower on the Arenosol but not on the calcareous loess subsoil (Fig. 4.5). On both soils, 
glyphosate pre-sowing treatments affected Mn concentrations in the youngest fully expanded 
leaves in treatments with 0 day waiting time (Fig. 4.5, 4.6). Manganese concentrations recovered 
with increasing waiting times in all variants with exception of the rye grass glyphosate pre-
sowing treatment on the Arenosol. In this case, glyphosate application induced a decline of Mn 
leaf concentrations even after a waiting time of three weeks and in some cases Mn concentrations 
dropped close to the critical level of Mn deficiency (Bergmann, 1992) (Fig. 4.5). 
 
In contrast to the Mn-nutritional status, Fe and Zn nutrition of the sunflower seedlings were not 
affected by glyphosate pre-sowing treatments and Fe and Zn concentrations even increased in the 
glyphosate-treated variants with rye grass pre-culture and 0 day waiting time (data not shown). 
As a general feature of all measured parameters, data obtained from the treatments with 
glyphosate application to the rye grass pre-culture exhibited a much higher variation compared 
with those from the treatments with direct soil application of glyphosate (Tab. 4.1, 4.2; Fig. 4.3–
4.6). 
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Fig. 4.4: Manganese concentration in the youngest fully expanded leaves of sunflower plants grown 
on an acidic Arenosol depending on glyphosate application method and waiting time 
Sunflower plants were grown 25 days after sowing on an acidic Arenosol with glyphosate application at 0, 7, 
14 and 21 days before sowing to a pre-culture of rye grass or directly incorporated into the soil, respectively. 
Data represent means and standard deviations of 4 independent replicates. Significant differences between 
treatments are indicated by different characters. 
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Fig. 4.5: Manganese concentration in the youngest fully expanded leaves of sunflower plants grown 
on a calcareous loess subsoil depending on glyphosate application method and waiting time 
Sunflower plants were grown 25 days after sowing on a calcareous loess subsoil with glyphosate application at 
0, 7, 14 and 21 days before sowing to a pre-culture of rye grass or directly incorporated into the soil, 
respectively. Data represent means and standard deviations of 4 independent replicates. Significant differences 
between treatments are indicated by different characters. 
 
4.5 Discussion 
In contrast to the common and recommended practice of glyphosate pre-sowing treatments, 
which frequently allows herbicide application even until the first days after sowing (Monsanto, 
Roundup Ultramax® product information), the results of this study underline the importance of 
waiting times, to avoid or at least minimise detrimental effects on the following culture. The 
analysis of physiological parameters, such as intracellular shikimate accumulation as metabolic 
indicator for glyphosate toxicity or the micronutrient status revealed, that the risk of toxic effects, 
induced by glyphosate pre-sowing treatments, increases with declining waiting time and can 
persist up to three weeks (Fig. 4.5), even when clearly visible effects on seedling growth and 
development are no more detectable by the first view (Tab. 4.1; Fig. 4.1). Similarly, Cornish 
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(1992) reported detrimental effects of glyphosate pre-transplanting treatments on tomato in field 
and pot experiments on sandy loam soils, which were still detectable after waiting times of 3–4 
weeks. However, this study used young tomato plants and no seeds which increases the risk of 
plant damage by glyphosate application. 
 
Glyphosate-induced impairment of Mn nutrition was more strongly expressed on the sandy 
Arenosol with low buffering capacity compared with the well-buffered calcareous subsoil (Fig. 
4.5 and 4.6), indicating a role of different soil types in determining the expression of glyphosate 
toxicity. This was not associated with corresponding differences of intracellular shikimate 
accumulation or plant biomass production (Tab. 4.1, 4.2; Fig. 4.3, 4.4), suggesting rather soil-
specific differences in Mn availability than differential expression of glyphosate toxicity on the 
two investigated soils as possible causes. Accordingly, soil analysis by CAT extraction 
(VDLUFA, 2004) revealed lower levels of available Mn in the Arenosol [7.4 mg kg−1 soil] as 
compared with the calcareous loess subsoil [15.0 mg kg−1 soil]. Glyphosate can form poorly 
soluble complexes with Mn (Sprankle et al., 1975c) and may thereby reduce the already low level 
of available Mn in the Arenosol. Also glyphosate-induced inhibition of root growth (Tab. 4.1, 
4.2; Fig. 4.1) may counteract Mn acquisition with the strongest consequences for Mn uptake on 
the Arenosol with low levels of plant-available Mn. Detrimental effects of glyphosate 
applications on the micronutrient status and particularly on Mn nutrition have been previously 
reported when glyphosate reached non-target plants as drift contamination in sub-lethal dosage 
(Eker et al., 2006), via rhizosphere transfer from target weeds (Neumann et al., 2006), or even in 
glyphosate resistant soybean (Jolley and Hansen, 2004). Since micronutrients, such as Mn and Zn 
are important physiological cofactors for mechanisms of plant disease resistance (Cakmak, 2000; 
Thompson and Huber, 2007), glyphosate-induced impairment of the micronutrient status may be 
linked with the observations of a higher susceptibility to plant diseases (e.g. Fusarium, 
Corynespora, Rhizoctonia, Gaeumannomyces and pathogenic nematodes) in response to 
glyphosate treatments (Smiley et al., 1992; King et al., 2001; Kremer et al., 2001; Charlson et al., 
2004; Jolley and Hansen, 2004; Fernandez et al., 2005; Huber et al., 2005). 
 
In contrast to the Mn-nutritional status in this study, Fe and Zn concentrations in the youngest 
fully developed leaves were not affected by glyphosate application, except of the treatments with 
rye grass pre-culture and 0 day waiting time. In these cases, Fe and Zn concentrations even 
increased in the leaves of glyphosate-treated variants (data not shown). Most probably, this 
represents a concentration effect of Fe and Zn seed reserves due to the extreme growth depression 
of the seedlings in these treatments. 
 
Also calcium and magnesium are discussed as potential ligands, mediating glyphosate 
immobilisation and inactivation in soils (Sprankle et al., 1975c) and in plants (Duke et al., 1985). 
However, despite of much higher levels of CaCO3 and of free water extractable Ca2+ [59.9 mg 
kg−1 soil] and Mg2+ [11.3 mg kg−1 soil] in the calcareous subsoil compared with the Arenosol 
[Ca2+: 0.4 mg kg−1 soil; Mg2+: 0.4 mg kg−1 soil], glyphosate-induced inhibition of plant growth 
(Tab. 4.1, 4.2) and intracellular shikimate accumulation (Fig. 4.3, 4.4) were similarly expressed 
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on both soils. This finding suggests that on both soils, the plants were exposed to similar levels of 
free glyphosate, which induced similar effects of toxicity. The lack of Ca2+ and Mg2+ in the 
Arenosol may be compensated by much higher concentrations of available Fe3+ [369 mg kg−1 
soil] and exchangeable Al3+ [0.04 cmol kg−1] compared with the calcareous loess subsoil Fe3+ 
[7.8 mg kg−1 soil] and negligible exchangeable Al3+ as ligands for binding and complexation of 
glyphosate. 
 
Toxicity of glyphosate pre-sowing treatments on sunflower seedlings was also strongly 
dependent on the mode of glyphosate application: When glyphosate was sprayed on pre-cultured 
rye grass seedlings, detrimental effects on plant growth and the Mn nutritional status, as well as 
increased intracellular shikimate accumulation in the root tissue were more strongly expressed 
than after direct soil application of the same amount of glyphosate. The lower expression of 
glyphosate toxicity after soil application is in line with the concept of rapid inactivation and 
detoxification of glyphosate in soils by adsorption to phosphate binding sites, such as Fe/Al-
oxides and hydroxides, precipitation as calcium salts, and rapid microbial degradation of free 
glyphosate in the soil solution (Sprankle et al., 1975c; Giesy, 2000; Monsanto, 2005a; Yamada, 
2006). Accordingly, Cornish (1992) reported increased toxicity of glyphosate soil pre-treatments 
on tomato after simultaneous application of P fertilisers, which obviously increased the solubility 
and thus the bio-availability of glyphosate by competition for soil binding sites. It remains to be 
established, whether also the intense expression of root-induced mechanisms for phosphorus or 
iron mobilisation in the rhizosphere, reported for various plant species and cultivars (Neumann 
and Römheld, 2002), can similarly induce toxic effects by co-mobilisation of glyphosate 
adsorbed to P sorption sites. However, in the present short-term study, no relevance of these 
adaptive responses to nutrient limitation is expected, since only young seedlings were 
investigated, relying mainly on P and Fe seed reserves in this early developmental stage. 
 
The increased expression of toxicity effects after glyphosate pre-sowing application to the rye 
grass pre-culture compared with direct soil application suggests, that also the root tissue of 
glyphosate-treated weeds represents a storage pool for glyphosate in the investigated soils. In this 
experiment, the bio-availability of glyphosate in plant residues to subsequently cultivated 
sunflower seedlings was obviously much higher than the bio-availability of glyphosate bound at 
the soil matrix. In most plant species, glyphosate is not readily metabolised and is preferentially 
translocated to young growing tissues of roots and shoots, where it can accumulate in millimolar 
concentrations (Reddy et al., 2004; Monsanto, personal communication). In soil-grown target 
plants, this non-homogeneous distribution of glyphosate within the root tissues may lead to the 
formation of hot spots of root residues in soils, containing high levels of glyphosate, which is 
subsequently released during microbial degradation of the plant material. Without a fast 
immobilisation of glyphosate by adsorption on the soil matrix, glyphosate toxicity to non-target 
plants may be induced by root contact with these hot spots. The non-homogeneous distribution of 
glyphosate-contaminated plant material in the soil could also explain the much higher variation of 
the data on sunflower biomass production, shikimate accumulation and Mn-nutritional status 
after glyphosate application to the rye grass pre-culture as compared to direct soil application 
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(Fig. 4.2 but also Tab. 4.1, 4.2; Fig. 4.3–4.5). Since toxic effects can be expected only after direct 
root contact of the non-target plants with one of the hot spots of glyphosate-contaminated plant 
residues, sunflower seedlings without contact to the hot spots remained unaffected. In contrast, 
direct soil application of glyphosate resulted in a homogeneous distribution and lower bio-
availability due to adsorption of the herbicide over the investigated soil profile. 
 
The potential role of plant residues as a pool for glyphosate stabilisation in soils has not been 
widely considered in the past. Most of the available information originates from studies of 
glyphosate residues in foliage (Newton et al., 1984; Feng and Thompson, 1990; Thompson et al., 
1994; Reddy et al., 2004) and not in roots. In a model study with different agricultural soils, von 
Wirén-Lehr et al. (1997) investigated the degradation of bound 14C-glyphosate residues in 
lyophilised cell cultures of soybean but only the water insoluble fraction was taken into account.  
Komossa et al. (1992) characterised the binding forms of glyphosate in wheat and soybean. 
However, in contrast to the fate of the herbicide applied to soils in a free state, systematic 
investigations on the bio-availability of glyphosate in real plant residues incorporated into soils 
are rare. The present study suggests a considerable contribution of this glyphosate pool in 
determining the risk of phytotoxicity to non-target organisms. The findings of this study are in 
line with recent field observations of plant damage in winter wheat after glyphosate pre-crop 
applications and waiting times shorter than two weeks in no-tillage systems (Römheld et al., 
2008). To improve bio-safety in face of the global increase in agricultural use of glyphosate, open 
questions to be considered for the future comprise the expression of these effects under a range of 
different field conditions, the impact of external factors, such as soil properties, soil moisture 
levels, temperature, period of season, soil-organic matter and biological activity and thus speed of 
microbial degradation of glyphosate containing crop residues, as well as the role of plant species, 
rooting densities and fertilisation management. The variability of these factors in agricultural 
practice may contribute to the explanation of contradictory results frequently reported in the 
literature and in field observations concerning the risks of negative side effects of glyphosate 
application on non-target organisms (for reviews see Monsanto, 2005a,b and Yamada, 2006 and 
references cited therein). 
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5 Rhizosphere transfer of glyphosate after pre-crop herbicide application 
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5.1 Abstract 
Observations of crop damage and yield losses by farmers as well as in two preliminary field 
trials in South Germany indicate the possibility of a rhizosphere transfer of glyphosate from 
treated weeds to crops after pre-crop glyphosate application.  
This study evaluated the potential for damage of wheat after pre-crop application of 
glyphosate on weeds in four field trials with different waiting times between glyphosate 
application and sowing of crops. To identify factors contributing to risks for crops associated 
to glyphosate in the rhizosphere, additional model experiments were conducted under soil and 
hydroponic conditions.  
Results of field and model experiments consistently revealed a correlation of damage of 
winter wheat to waiting time after application of glyphosate on weed plants. Intensity and 
time window for crop damage induced by glyphosate and/or its metabolite 
aminomethylphosphonic acid (AMPA) in the rhizosphere of crops were correlated with the 
density of treated weeds and influenced by the developmental stage of plants.  
There is substantial evidence that under certain conditions root residues of treated weeds 
represent a pool for prolonged glyphosate phytotoxicity in the rhizosphere of crops. Risks for 
crop damage can be limited by observance of waiting times of 14-21 days after application.  
 
Keywords: glyphosate, pre-crop application, risk factors, winter wheat (Triticum aestivum 
L.), micronutrients 
 
Abbreviations: 
AI active ingredient 
AMPA aminomethylphosphonic acid 
cv. cultivar 
DBS days before sowing 
WT waiting time 
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5.2 Introduction 
Due to low production costs and high efficiency, glyphosate, N-(phosphonomethyl)glycine, is 
the most extensively used herbicide in agricultural practice (Baylis, 2000; Service, 2007).  
Glyphosate acts as a non-selective, total herbicide, by inhibiting the shikimate pathway 
responsible for the biosynthesis of aromatic amino acids and phenolic compounds (Hernandez 
et al., 1999), thereby causing the impairment of general metabolic processes, such as protein 
synthesis and photosynthesis (de María et al., 2005; Geiger et al., 1986). Glyphosate 
application frequently induces intracellular accumulation of shikimate, which can be used as a 
sensitive physiological indicator for glyphosate toxicity (Henry et al., 2007).  
 
As non-selective total herbicide glyphosate is particularly used in cropping systems with 
genetically modified glyphosate-resistant plants, but also as pre-crop application before 
sowing of plants in cropping systems with high weed pressure. Particularly in no-till and 
minimal tillage systems, control of weeds by application of effective herbicides (e.g. 
glyphosate) shortly before sowing is considered essential to minimise crop production losses 
caused by high weed pressure competing with the emerging crops (Lyon et al., 1996; Calado 
et al., 2010). 
With the exception of drift contamination, glyphosate toxicity to crop plants and other non-
target organisms is generally considered as marginal, since glyphosate is almost 
instantaneously inactivated by adsorption to the soil matrix (Piccolo et al., 1992; Gimsing et 
al., 2004). Glyphosate residues in the soil solution are prone to rapid microbial/chemical 
degradation (Giesy et al., 2000; Gimsing et al., 2004). Under agricultural soil conditions, 
depending on soil and environmental conditions half-life times of glyphosate in soils range 
from 1-197 days but are often less than 60 days (Giesy et al., 2000). 
 
Due to the very limited plant availability of glyphosate residues in soils glyphosate can be 
used in agricultural cropping systems without waiting times between application and sowing 
of crops.  
However, poor establishment and growth of succeeding crops has been repeatedly reported by 
farmers and scientists when glyphosate or other non-selective herbicides have been used to 
kill weeds before sowing of crops in no tillage or conservation tillage systems in the United 
States, Australia and Germany (Smiley et al., 1992; Descalzo et al., 1998 and references cited 
therein; Römheld et al., 2008). A stimulation of root pathogens such as Rhizoctonia and 
Phytium attracted by the decaying weed residues (Smiley et al., 1992; Descalzo et al., 1998; 
Powell and Swanton, 2008), the release of allelopathic compounds (Dudai et al., 2009) and 
rhizosphere transfer of the herbicide during degradation of the weed residues to germinating 
seeds and seedlings of the subsequent crop (Neumann et al., 2006; Römheld et al., 2008; 
Tesfamariam, 2009) have been discussed as possible reasons, but the underlying mechanisms 
are still not clear. 
Therefore the aim of the present study was 
(i) a systematic investigation of the phenomenon in field experiments,  
(ii) to simulate the effects in parallel model studies under controlled environmental 
conditions to identify the underlying mechanisms, 
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(iii) to characterise risk factors favouring the induction crop damage which should be 
excluded as far as possible in agricultural practice.     
 
5.3 Material and Methods 
Evaluation of pre-crop glyphosate application under field conditions   
Set-up of field trials 
 Four field trials with winter wheat (Triticum aestivum L.) cropping systems were established 
together with local farmers between September and October 2008 in South West Germany 
near Tauberbischofsheim (TB), Dusslingen (DU), Bad Rappennau (BR) and Starzach (ST). 
The experiments were arranged in a randomised block design with three replicates for each 
treatment.  
 
To evaluate waiting time effects between pre-crop herbicide applications and sowing date, 
time intervals of 18-20, 10 and 1-2 days between pre-crop herbicide application and sowing of 
winter wheat were investigated at the field sites DU, ST and TB. Due to unfavourable weather 
conditions waiting times at BR comprised 22, 14 and 9 days in a minimal tillage system. 
 
The additional influence of different cropping systems (minimal tillage vs no-tillage) was 
investigated at the field sites TB and DU. At the field site ST, a potential impact of weed 
population density was evaluated by comparing herbicide applications to the natural weed 
population and to plots with additional sowing of 100 kg wheat ha-1 as target plants.  
Herbicide application 
Glyphosate was applied in two commercial formulations (Roundup Ultra Max®, 2 L ha-1 and 
Clinic, 2.4 L ha-1 diluted in 200 L water). Controls included the application of a mixture of the 
herbicides Basta® and Agil-S® approx. 20 days before sowing (DBS) and of Basta® at 1-
2 DBS. The dominant herbicide-treated weed populations comprised a weakly developed 
barley (Hordeum vulgare L.) stand at TB, hail-damaged oat (Avena sativa L.) and slender 
meadow foxtail (Alopecurus myosuroides L.) at DZ, and self-sown wheat in BR and ST.  
Plant sampling  
During the two month growth period before the onset of winter in early December 2008 
seedling development, crop density, expression of chlorosis (SPAD-value) and biomass 
production as indicators for crop damage were recorded. To achieve comparability in scoring 
of plant damage between the field sites under different climatic and soil conditions decline in 
seedling development, crop density SPAD-value and biomass were calculated in % of optimal 
treatment (e.g. long waiting time Basta®/Agil-S® and/or Roundup® treatments). The means of 
the calculated damage in % of optimal treatments was used as common damage index for all 
field trials.   
Leaf and root samples for analysis of accumulation of shikimate as physiological indicator of 
glyphosate-toxicity were taken from all plots at growth stage BBCH 11-13 (approx. 4 weeks 
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after emergence) and at BBCH 16-17 (approx. 8 weeks after germination for TB. DU and BR) 
(Lancashire et al., 1991).  
Additionally, shoots sampled at growth stage BBCH 16-17 in TB, DU and BR and at BBCH 
11-13 in ST were used for determination of the plant nutritional status. 
 
Parts of the leaf samples taken for shikimate analysis during growth stage BBCH 11-13 were 
pooled and submitted to SGS Institute Fresenius GmbH (Taunusstein, Germany) for 
determination of glyphosate residues in shoots by HPLC (DFG, 1996).  
Evaluation of pre-crop glyphosate application in model experiments   
Model experiments with winter wheat (Triticum aestivum L.) cv. Isengrain-B were conducted 
on soils sampled from no-tillage field sites in South West Germany near Hirrlingen (pH 
(CaCl2) 5.8; sand [%] 5.7; silt [%] 56.2; clay [%] 38.1; Corg [%] 1.96) and Tübingen (pH 
(CaCl2) 7.1; sand [%] 8.4; silt [%] 67.8; clay [%] 23.8; Corg [%] 1.90).  
Field soil was air-dried and sieved through 2 mm mesh size. Fertilisation was conducted with 
100 mg N kg−1 soil as Ca(NO3)2, 50 mg K kg−1 soil as K2SO4, 50 mg Mg kg−1 soil as MgSO4, 
and 80 mg P kg−1 soil as Ca(H2PO4)2. After fertilisation, the soil was sieved again and soil 
moisture was adjusted to 70% of the soil water-holding capacity. During vegetation period 
water loss was determined gravimetrically and replaced by daily applications of deionised 
water. 
Cultivation of target plants 
To investigate the effects of glyphosate residues in root tissue of target weed on subsequently 
cultivated non-target plants in all experiments winter wheat (Triticum aestivum L. cv. 
Isengrain-B) was pre-cultivated as target weed in 550 g pots filled with fertilised field soils. In 
experiments with field soil from Hirrlingen studying the effect of short waiting time between 
glyphosate application on weeds and sowing of crops, a sowing density of 4 g target weed 
seeds (Triticum aestivum L.) (germination rate approx. 90 %) per pot with a surface area of 
100 cm2 was used to simulate high weed coverage of the soil with intense root development. 
In experiments with field soil from Tübingen studying effects of different waiting times and 
densities of glyphosate treated weeds on non-target plants, 1-, 2- and 4.5 g of target weed 
seeds pot-1 (Triticum aestivum L.) were sown in a sequential way to achieve an identical 
sowing date for crops of 21, 14, 7 and 0 days after pre-crop glyphosate application.  
 
To ensure comparable environmental conditions for growth of target and subsequently sown 
non-target plants (winter wheat cv. Isengrain-B), as well as degradation of root residues of 
glyphosate-treated target plants, model experiments were conducted in a growth chamber 
under controlled environmental conditions with a light/dark regime of 14/10 h at 18-16 °C, 
light intensity of 200 μmol m−2 s−1 at canopy height, provided by fluorescent lamps (Osram 
HQL-R 400, Osram, Munich, Germany) and 60% relative humidity. 
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Glyphosate application 
To simulate the application technique and applied amounts realistic under field conditions a 
track-spraying device (Wöhrle WST 144, Germany) (application volume 400 L ha-1, 
application speed 800 mm s-1, application pressure 6 bar, application height 50 cm) was used. 
Ten days after sowing (DAS) glyphosate was applied to target weed seedlings (wheat) in 
concentrations of 28.4 mM, representing an application amount of 4 L ha-1 which is realistic 
and recommended for most field conditions.  
 
Two days (Hirrlingen) or 4 days (Tübingen) after application of glyphosate shoots of treated 
target-wheat plants were cut approx. ½ cm above soil surface and removed from the pots. 
Similarly in control treatments without glyphosate application, target-wheat shoots were 
removed by cutting at the soil surface with a sharp knife. 
Cultivation of non-target plants 
Subsequently, after a waiting time of 2 days (soil from Hirrlingen) or 21, 14, 7 and 0 days 
(soil from Tübingen) 10 seeds of winter wheat (Triticum aestivum L., cv. Isengrain-B) were 
sown into the same pots. During the whole growth period of both experiments parameters 
such as seedling development, leaf development, leaf morphology and leaf surface area, plant 
growth and expression of chlorosis (SPAD-value) were recorded and scored as visual 
indicators of glyphosate toxicity. Two weeks after sowing plants were harvested and fresh 
weights of all plant parts (roots and shoot) were separately determined. Roots and shoots were 
separated, frozen in liquid nitrogen and stored at -20 °C for analysis of accumulation of 
shikimate in plant tissue as physiological indicator of glyphosate toxicity. The frozen shoot 
tissue was subsequently homogenised under liquid nitrogen using mortar and pestle and 
separated into two parts used for shikimate analysis and for the determination of nutritional 
status of plants. Fresh shoot homogenate used for mineral analysis were weighted into 
crucibles and carefully dried at 60 °C in a dry-oven.  
 
Root and seed exposure of winter wheat to glyphosate and AMPA  
Hydroponic experiments were performed in a growth chamber under controlled 
environmental conditions with a light/dark regime of 14/10 h at 24/20 °C, light intensity of 
220 μmol m−2 s−1 at canopy height, provided by fluorescent lamps (Osram HQL-R 400, 
Osram, Munich, Germany) and 60 % relative humidity.  
Preculture of wheat seedlings and application of glyphosate and AMPA  
Winter wheat seeds (Triticum aestivum L.) cv. Isengrain-B were sterilised for 5 min in 30 % 
H2O2, soaked for 5 h in 10 mM CaSO4 and germinated in upright position for 3 days in an 
incubator at 24 °C in rolls of filter paper (MN 710, Macchery & Nagel, Düren, Germany) 
soaked with 2.5 mM CaSO4. Thereafter seedlings were cultivated for 24 hours in continuously 
aerated falcon tubes containing double deionised water (control), glyphosate as Roundup 
UltraMax®, glyphosate as N-phosphono-methylglycine or AMPA in concentrations of 10 µM. 
Thereafter, plants were transferred to pots (6 plants per 2.8 L plastic pot) containing 
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continuously aerated nutrient solution (2 mM Ca(NO3)2, 0.25 mM KH2PO4, 0.7 mM K2SO4, 
0.1 mM KCl, 0.5 mM MgSO4, 20 μM Fe-EDTA, 1 μM H3BO3, 0.5 μM ZnSO4, 0.5 μM 
MnSO4. 0.2 μM CuSO4 and 0.01 μM (NH4)6Mo7O24). 
Plant sampling 
During the whole growth period of 21 days, parameters of shoot growth and development 
were recorded for indications of potential glyphosate and AMPA toxicity. In addition, 72 h 
after the end of herbicide treatment pattern of root growth and root morphology of plants were 
analysed using the WinRhizo Pro® digital imaging software (Regent Instruments, Quebec, 
Canada). At day 7 after transfer, a first set of 3 plants was removed from the pots. Roots and 
shoots were separated, frozen in liquid nitrogen and stored at -20°C for analysis of 
accumulation of shikimate in plant tissue as physiological indicator of glyphosate toxicity. In 
each pot, three plants were kept and further cultivated until final harvest 21 days after transfer. 
At final harvest, fresh weights of all plant parts (roots and shoot) were determined. Dry 
weights of roots and shoots were determined after oven-drying at 60 °C. Subsequently dried 
shoots were grinded for analysis of nutritional status of plants. 
 
To evaluate the effect of glyphosate and AMPA on germination, 140 seeds of winter wheat 
(Triticum aestivum L.) cv. Isengrain-B were put for 5h into 200ml double deionised water, or 
200ml solution containing 10 µM glyphosate (Roundup®) or AMPA. Solutions were 
continuously carefully shaken. Afterwards, seeds were placed on filter paper for germination. 
For each treatment 4 filter papers each with 35 seeds were put in an upright position in 
germination boxes containing approx. 150 ml of 2 mM CaSO4 solution. For initial 
germination plants were caped for 80h in controlled conditions (no light, 22 °C). To avoid 
effects of fungal infection or potential stress of CaSO4 after initial germination filter papers 
were opened seeds/seedlings were checked for fungal infection and placed on new filter paper 
soaked with 2 mM CaSO2. Subsequently, wheat seedlings were cultivated on filter paper for 
additional 48 h at a light/dark regime of 14/10 h at 22 °C. Afterwards germination rate and 
shoot and root fresh weight of germinated seedlings were determined. 
Shikimate analysis 
Shikimate in acidic tissue extracts was analysed with modifications of the methods described 
by Singh and Shaner (1998) and Neumann (2006). The frozen plant tissue was homogenised 
with 5 % ortho-phosphoric acid (1 ml 100 mg-1 fresh weight) using mortar and pestle. 
Insoluble material was removed by centrifugation (5 min at 20.000 x g) and the supernatant 
was used for HPLC analysis after appropriate dilution with the HPLC mobile phase. HPLC 
separation was performed by ion exclusion chromatography using an Aminex 87H column 
(Bio-Rad, Richmond, CA, USA) designed for organic acid analysis. A sample volume of 
20 μL was injected into the isocratic flow (0.5 mL min-1) of the eluent (2.5 mM H2SO4, 40 
°C) and organic acids were detected spectrophotometrically at 210 nm. Identification and 
quantification of shikimate was conducted by comparing the retention times, absorption 
spectra and peak areas with a known standard. 
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Glyphosate analysis  
Glyphosate determination in 10 g FW samples of shoot tissue of wheat seedlings sampled at 
the field sites was conducted at the SGS Institute Fresenius GmbH, Taunusstein, Germany. 
By HLPC with detection of fluorescence after post column derivatisation according to method 
405 developed by the Deutsche Forschungsgemeinschaft (DFG) for determination of 
glyphosate and AMPA in water, soil or plant samples (DFG, 1996).  
 
Analysis of mineral nutrients 
One hundred milligram of dried shoot material was ashed in a muffle furnace at 500°C for 
5 h. After cooling, the samples were extracted twice with 1 mL of 3.4 M HNO3 and 
evaporated until dryness to precipitate SiO2. The ash was dissolved in 1 mL of 4 M HCl, 
subsequently diluted ten times with hot deionised water, and boiled for 2 min to convert meta- 
and pyro-phosphates to orthophosphate. After addition of 0.1 mL Cs/La buffer to 4.9 mL ash 
solution, Fe, Mn and Zn concentrations were measured by atomic absorption spectrometry 
(UNICAM 939, Offenbach/Main, Germany). Spectrophotometrical determination of 
orthophosphate was conducted after addition of molybdate-vanadate colour reagent according 
to the method of Gericke and Kurmis (1952). Determination of Mg was conducted by atomic 
absorption spectrometry, while K and Ca were measured by flam photometry. 
Statistics 
Field trials were conducted in a randomised block design with three replicates for each 
herbicide treatment. Soil experiments were conducted in a completely randomised block 
design with four replicates per treatment. Nutrient solution experiments were conducted in a 
completely randomised block design with three replicates per treatment. Analysis of variance 
and the Tukey test for detection of significant differences were performed using the 
SigmaStat-software (Jandel Scientific, Sausalito, CA, USA).  
 
5.4 Results 
Role of waiting times after pre-crop application of glyphosate 
In three out of four field experiments (DU, TB, ST) short waiting times (1-2 days) after pre-
crop glyphosate application resulted in a significant damage of subsequently sown winter 
wheat. Damage symptoms were first detectable at BBCH 16-17 (approx. 8 weeks after 
germination) and comprised reduced plant density, stunted shoot growth, chlorosis and 
necrosis of older leaves and needle-shaped deformations of young leaves (Fig. 5.1). Crop 
damage was induced by application of two commercial glyphosate formulations (Roundup 
Ultramax® 2 L ha-1; Clinic® 2.5 L ha-1) but was not detectable after waiting times of 18-20 
days. At the field site BR with a waiting time of 9 days as shortest time span between 
glyphosate application and sowing of winter wheat, no damage symptoms were observed.  
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A certain degree of plant damage also appeared in the glufosinate (Basta®) variants after short 
waiting times of 1-2 days but significant effects were detected only at the field site DU (Tab. 
5.1).  
 
 
Fig. 5.1: Plant growth and symptoms of glyphosate-induced damage of winter wheat in the field, 
in pot experiments and in hydroponics 
Plants were grown under no tillage conditions on a field site in TB in case of long- (18 days) and short 
waiting time (1 day) after glyphosate application on a dense population of weed plants (a, b, c), in model 
experiments under soil conditions with short waiting time (2 days) after pre-crop glyphosate application 
with track-sprayer (d, e, f) and under hydroponic conditions after short term (24h) root exposure to 10µM 
glyphosate (Roundup UltraMax®) (g, h, i). Comparable damage symptoms comprised of delayed and weak 
development (b, c, d, g), chlorosis (b, c, e, h) and needle-shaped leaf defomations (c, f, i) was observed in 
case of phytotoxic glyphosate in the rhizosphere. Needle-shaped leaf deformations are indicated with 
arrows in the close-up of damaged wheat plants in case of short waiting after glyphosate under field 
conditions (c). 
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Tab. 5.1 Damage index of plants at the field sites of Dusslingen, Tauberbischofsheim and Bad 
Rappenau  
Damage was observed after pre-crop application of glyphosate (Roundup UltraMax®, Clinic®), 
Basta®/Agil-S® mix (control) or Basta® (control) at different waiting times before sowing (DBS) of winter 
wheat (Triticum aestivum L.) under no-tillage (left) and or minimal tillage conditions (right). Data represent 
means and standard deviations of 3 independent replicates. Significant differences (p<0.05) are indicated 
with different characters.  
Damage Index [%] 
         
Days Waiting time/ herbicide treatment no tillage minimal tillage 
         
  Dusslingen 
18 / Roundup®UltraMax 8 ±2 D  4 ±3 C 
18 / Clinic® 10 ±1 D  8 ±2 C 
18 / Agil+Basta® 5 ±2 D  5 ±0 C 
        
10 / Roundup®UltraMax 36 ±3 C  25 ±3 AB 
10 / Clinic® 43 ±2 BC  24 ±4 AB 
        
1 / Roundup®UltraMax 52 ±2 A  32 ±3 A 
1 / Clinic® 50 ±3 AB  30 ±4 A 
1 / Basta® 36 ±6 C  20 ±3 B 
         
  Tauberbischofsheim 
18 / Roundup®UltraMax 1 ±0 D 8 ±1 BC 
18 / Clinic® 2 ±2 D 7 ±4 C 
18 / Agil+Basta® 5 ±2 CD 12 ±2 ABC 
        
10 / Roundup®UltraMax 10 ±2 CB 14 ±6 ABC 
10 / Clinic® 8 ±1 CB 17 ±1 AB 
        
1 / Roundup®UltraMax 19 ±1 A 19 ±1 A 
1 / Clinic® 18 ±1 A 19 ±5 A 
1 / Basta® 11 ±3 B  16 ±3 ABC 
         
  Bad Rappenau 
22 / Roundup®UltraMax - - - 13 ±3 n.s 
22 / Clinic® - - - 11 ±9 n.s 
22 / Agil+Basta® - - - 10 ±9 n.s 
        
14 / Roundup®UltraMax - - - 16 ±9 n.s 
14 / Clinic® - - - 20 ±11 n.s 
        
9 / Roundup®UltraMax - - - 22 ±3 n.s 
9 / Clinic® - - - 25 ±12 n.s 
9 / Basta®     14 ±1 n.s 
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The same symptoms of plant damage as described for the field sites DU, TB, ST were 
observed in pot experiments under controlled environmental conditions on two soils of the 
field trial programme, when glyphosate (Roundup Ultramax® 4 L ha-1) was applied with a 
track sprayer on a wheat pre-culture as target plants with subsequent sowing of winter wheat 
with waiting times of 0 -2 days. Germination was significantly reduced by up to 20 % (Tab. 
5.3) Plant biomass reduction, stunted growth (Fig. 5.1d; Fig. 5.4a) chlorosis of older leaves 
and deformation of young leaves (Tab. 5.2; Fig. 5.1e,f) was similarly expressed as in the field 
experiments (Fig.5.1c). This pattern of damage symptoms was unexpected since glyphosate 
toxicity usually affects the youngest leaves first but associated to significant increase in 
intracellular accumulation of shikimate as physiological indicator for glyphosate toxicity in 
root tissue (Tab. 5.2).  
 
Tab. 5.2 Parameters of plant damage of winter wheat plants 
Development of needle-shaped leaf-deformations, chlorosis scoring, shoot and root biomass of winter 
wheat plants (Triticum aestivum L.) at final harvest and concentrations of shikimate as indicator for 
glyphosate toxicity in roots of plants were measured in case of short waiting time of 2 days after pre-crop 
application of glyphosate (+Gly) applied with a track-sprayer at an application level of 4 L ha-1. In control 
treatments (Control) without glyphosate application, shoots of target-plants were removed by cutting at the 
soil level with a sharp knife. Data represent means and standard deviations of 4 independent replicates. 
Significant differences (p<0.05) are indicated with different characters.  
 
Parameters of plant damage [2 days waiting time] 
      
treatment leaf deformations 
Green value 
of leaves 
Shoot 
biomass 
Root 
biomass 
shikimate concentration 
in roots 
  
[% of plant 
pot-1] [SPAD] 
[g fresh 
weight] 
[g fresh 
weight] [µg g fresh weight] 
      
Control 0±0 B 43±2 A 1.26±0.2 A 1.21±0.3 A 15±6 B 
+ Gly 43±14 A 30±1 B 0.58±0.2 B 0.67±0.3 B 51±16 A 
            
 
 
Comparable plant damage was detectable in pot experiments when the aboveground parts of 
the target plants were removed 2 days after glyphosate application prior to sowing of the 
subsequent winter wheat culture. In contrast, no crop damage occurred in control treatments 
without glyphosate application when the shoots of the target plants were removed by cutting 
at the shoot base. These findings suggest that root residues of glyphosate treated target plants 
are a source of toxicity for the subsequent crop (Tab. 5.2).  
To investigate toxicity symptoms in a scenario when only roots and not the shoot tissues of 
winter wheat seedlings are exposed to glyphosate, (e.g by rhizosphere transfer from rot 
residues of glyphosate-treated target weeds), a series of nutrient solution experiments was 
conducted with different concentrations of glyphosate, applied to the growth medium. Under 
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soil conditions, the described rhizosphere transfer of glyphosate is supposed to be a transient 
process, since glyphosate is rapidly inactivated by adsorption to the soil matrix and by 
microbial degradation. Therefore, the roots of winter wheat seedlings in the nutrient solution 
experiments were only exposed to glyphosate (10 µM) during a time period of 24 h. Plant 
damage was already detectable after exposure to glyphosate concentrations of 10 µM with 
comparable symptoms of growth inhibition, chlorosis of older leaves, needle-shaped 
deformations of young leaves (Fig. 5.1h, g, i; Fig. 2a) as observed in the field studies (Fig. 
5.1a,b,c) and in the pot experiments (Fig. 5.1d,e,f). In contrast, the same amounts of AMPA 
as the main metabolite of glyphosate in soil, applied to the nutrient solution, did not induce 
plant damage (Fig. 5.2a,b, c). However, exposure of wheat seeds to solutions of AMPA 
(10 µM) during a time period of 5 h significantly reduced the germination rate, while 
germination was not affected by the same amount of glyphosate (Fig. 5.2d). 
 
Shikimate accumulation as physiological indicator for glyphosate toxicity was detected in the 
root tissue of the damaged plants in all pot experiments (Tab. 5.2; Fig.5.2c, 5.4c) while in the 
field studies, a significant increase of shikimate concentrations in the surviving plants of the 
treatments with short waiting times (1-2 days) after glyphosate application was only 
detectable at the field site TB (data not shown). Glyphosate and AMPA in the shoot tissue of 
the surviving plants in the field experiments remained below the detection limits of 0.5 µg g-1 
fresh weight.  
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Fig. 5.2: Leaf deformation, biomass and shikimate concentrations of winter wheat depending on 
glyphosate and AMPA application 
Leaf deformations (a), shoot and root dry weight at final harvest (b) and shikimate concentrations in roots 
(c) of wheat (Triticum aestivum L.) were measured in case of 24 h root exposure to concentrations of 10µM 
of glyphosate Roundup® UltraMax (glyphosate), AMPA (main metabolite) under hydroponic conditions 
and germination rate (% seeds-1) after 5 h seed exposure to Roundup® UltraMax or AMPA before 
germination on filter papers (d). Data represent means and standard deviations of 3 independent replicates 
in case of hydroponic experiments (a,b,c) and 4 independent replicates for germination tests on filter paper 
(d). Significant differences (p<0.05) are indicated with different characters.  
 
Role of the population density of target weeds 
At the field sites TB and DU, dense populations of pre-damaged barley and oat were 
dessicated by the herbicide treatments prior to sowing of winter wheat. At the field site ST, 
two different densities of weed populations were tested including (i) the natural weed 
population and (ii) additional sowing of wheat (100 kg ha-1). Fig 3 demonstrates that high 
densities of the weed population promote the expression of damage in the subsequent culture 
(here expressed as biomass of winter wheat seedlings) sown with a short waiting time after 
pre-crop glyphosate application. 
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Fig. 5.3: Shoot biomass of winter wheat depending on herbicide application and weed population 
Shoot biomass [g fresh weight m row-1] of winter wheat (Triticum aestivum L.) grown under field 
conditions (BBCH 30-31) at the field site located in Starzach (Southwest Germany) were measured in a 
minimal-tillage system with natural and artificially increased density of weeds and different waiting times 
between herbicide application and sowing of winter wheat (days before sowing: DBS). Data represent 
means and standard deviations of 3 independent replicates. Significant differences (p<0.05) are indicated 
with different characters. 
 
 
Similarly, in a pot experiment under controlled environmental conditions short waiting times 
after pre-crop glyphosate application on increasing densities of weed plants (1, 2 or 4.5 g 
wheat seeds pot-1) caused in comparison to controls significantly impaired germination, 
declined shoot biomass production and increased intracellular shikimate concentrations. 
Intensity of glyphosate-induced plant damage of winter wheat plants was positively correlated 
to increasing density of glyphosate treated weed plants (Tab. 5.3; Fig 5.4a, b, c). 
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Tab. 5.3 Germination of winter wheat depending on waiting time and density of glyphosate-
treated weeds 
Emergence of winter wheat (Triticum aestivum L.) grown under climate chamber conditions on a soil of the 
field trial programme (Tübingen, Southwest Germany) were determined 4, 5, 6, 8, 9 and 11 days after 
sowing (DAS) in % of seeds pot-1 depending on the impact of waiting time until sowing after glyphosate 
pre-crop application and of sowing density (1, 2 or 4.5g seeds pot-1). In control treatments (Control) 
without glyphosate application, shoots of target-plants were removed by cutting at the soil level with a 
sharp knife. Data represent means and standard deviations of 4 independent replicates. Significant 
differences (p<0.05) are indicated with different characters.  
Germination of wheat [% seeds pot-1]  
       
treatment  4 DAS 5 DAS 6 DAS 8 DAS 9 DAS 11 DAS 
       
Control 0 days waiting time  
bare soil control 21±1 D 75±2 B 90±1 A 90±1 A 92±1 AB 94±1 A 
1g weed pot-1 25±0 D 75±1 B 85±1 B 92±1 A 94±1 A 94±1 A 
2g weed pot-1 50±1 A 81±2 A 85±2 B 90±2 A 90±2 AB 90±2 AB 
4.5g weed pot-1  46±1 B  77±1 B 85±1 B 85±1 B 90±1 B 90±1 B 
       
+ Gly 
 
0 days waiting time 
 
1g weed pot-1 8±1 F 67±2 C 73±2 C 79±1 C 79±1 D 79±1 D 
2g weed pot-1 6±1 F 40±1 D 65±1 D 73±1 D 75±1 E 75±1 E 
4.5g weed pot-1  4±1 F 44±1 D 63±1 D 69±1 E 69±1 F 69±1 F 
       
Control 
 
21 days waiting time 
 
1g weed pot-1 17±1E 79±1 B 88±1 AB 94±1 A 94±1 A 94±1 A 
2g weed pot-1 13±2 E 85±1 A 88±1 AB 92±1 A 94±1 A 94±1 A 
4.5g weed pot-1  15±1 E 75±1 B 83±1 B 85±3 AB 88±1 C 88±1 C 
       
+ Gly 
 
21 days waiting time 
 
1g weed pot-1 44±3 B 81±3 A 83±3 B  85±3 AB 85±3 C 85±3 C 
2g weed pot-1 35±1 C 79±2 B 81±2 B 85±5 AB 85±2 C 85±2 C 
4.5g weed pot-1  29±1 C 71±2 C 83±2 B 90±2 A 90±2 AB 92±2 AB 
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Fig. 5.4: Shoot biomass and shikimate concentration of winter wheat depending on waiting time 
and density of glyphosate-treated weeds 
(a) Effects of pre-crop application of glyphosate and different weed densities in case of 21 days (21d) 
waiting time and 0 days (0d) waiting time until sowing of winter wheat (Triticum aestivum L.). (b) Relative 
shoot biomass of winter wheat (% control-1) 18 days after germination depending on a waiting time (WT) 
of 0, 7, 14 or 21 days between glyphosate application on different weed densities and sowing of crops. (c) 
Shikimate concentrations in roots of the respective wheat seedlings in case of 21 days waiting time and 0 
days waiting time until sowing of winter wheat. Data represent means and standard deviations of 4 
independent replicates. Significant differences (p<0.05) are indicated with different characters.  
 
Role of tillage treatment 
At the field sites TB and DU, effects of desiccation barley and oat as weed plants by herbicide 
treatments prior to sowing of winter wheat were studied in no- and minimal tillage conditions.  
At the field site DU, damage of winter wheat in case of short waiting times (1-2 days) after 
pre-crop glyphosate application was substantially increased under no-tillage compared to 
minimal tillage conditions. No differences between the tillage treatments in (marginal) plant 
damage could be detected in case of long waiting time (Tab. 5.1). At the field site of TB 
development of winter wheat was generally weaker in case of minimal tillage- compared to 
no-tillage treatment. However, in comparison to long waiting time treatments damage of 
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winter wheat induced by short waiting time after pre-crop glyphosate application was 
increased under no-tillage conditions (Tab. 5.1).   
Effects on the plant nutritional status 
There was no consistent relationship between pre-crop herbicide applications, waiting time 
until sowing and nutritional status of the following crop. In model experiments with short 
waiting times (2days) after pre-crop glyphosate application in young wheat seedlings (10 
DAS), particularly macronutrient concentrations (Ca, Mg, K) declined below the critical 
levels, while micro nutrients (Fe, Zn, Mn) remained unaffected. By contrast, in the field 
experiments shoot macronutrient concentrations were not influenced by herbicide treatments 
but on some field sites Zn and Mn concentrations declined close to/ below critical levels in 
case of short waiting time after pre-crop application of glyphosate (and Basta®).  
Effects on final yield  
Reduced crop densities in the short waiting time treatments after pre-crop glyphosate 
applications were still detectable in spring at BBCH 30-31. Thereafter, the remaining plants 
increasingly compensated these effects by improved plant development and tillering due to 
less competition as a consequence of lower plant densities. Particularly at the field site DU 
this was also reflected by delayed senescence probably caused by increased nitrogen 
availability to individual plants.  
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Fig. 5.5: Average yield loss of winter wheat at the field sites of Dusslingen, Tauberbischofsheim 
and Starzach depending on waiting time between glyphosate application and sowing 
Winter wheat (Triticum aestivum L.) plants were grown under minimal or no-tillage conditions at the field 
sites Dusslingen, Tauberbischofsheim and Starzach (Southwest Germany), sown after different waitings 
times (days before sowing; DBS) between herbicide application of glyphosate (Roundup UltraMax®, 
Clinic®) or herbicide controls (Basta®/Agil-S® mix or Basta®). Data represent means and standard 
deviations of 3 independent replicates. Significant differences (p<0.05) are indicated with different 
characters. 
 
5.5 Discussion 
Similarly to results of preliminary experiments under field conditions (Römheld et al., 2008) 
results of the field trials in TB, DU, BR and ST revealed consistently damage of winter wheat 
in juvenile growth stages in case of short waiting time between pre-crop application of 
glyphosate and sown of crop plants (Tab. 5.1). Moreover, plant damage comprising reduced 
plant density, stunted shoot growth, chlorosis and necrosis of older leaves and needle-shaped 
deformations of young leaves were correlated to glyphosate application on a dense population 
of weed plants (Tab. 5.1; Fig. 5.1a, b, c). In comparison between reduced tillage systems, 
damage of winter wheat induced by short waiting time after pre-crop glyphosate application 
was at the field sites of TB and DU more pronounced in no-tillage compared to minimal 
tillage conditions (Tab. 5.1).  
 
Glyphosate transfer in the rhizosphere 
Results of the model experiments under soil- and hydroponic conditions offered further 
evidence supporting the rhizosphere transfer of phytotoxic glyphosate from treated weed 
plants to subsequently wheat plants as causal explanation for damage observed under field 
conditions.  
Chapter 5 – Glyphosate transfer under field conditions 
 
  
74 
 
Experiments under hydroponic conditions gave clear indications that damage symptoms of 
wheat plants highly similar to those observed in field trials and model experiments under soil 
conditions were primarily caused by glyphosate (Fig. 5.2a,b,c), while its main metabolite 
aminomethylphosphonic acid (AMPA), considered also as phytotoxic (Reddy et al., 2004) 
caused significantly declined germination (Fig. 5.2d). Recently, a Monsanto patent on 
production of AMPA-resistant crops reported an inhibitory effect of AMPA on wheat in an 
embryo germination test (Barry, 2009). Under field conditions heterogeneity of damage 
symptoms in crop plants may arise, depending on whether glyphosate or AMPA or both are 
present in a damaging amount in a sensitive developmental stage of plants. 
In model experiments under soil condition shoots of glyphosate treated weed plants were 
removed from the pots prior to emergence of subsequently sown winter wheat plants. Because 
of this, damage of wheat plants in these experiments (Tab. 5.2; Fig. 5.4a, b, c) was plausibly 
caused by a transfer of phytotoxic glyphosate from treated weeds to subsequently sown crops 
through in the rhizosphere which is also in accordance with the knowledge on the behaviour 
of glyphosate in planta.  
In most plant species, glyphosate is not readily metabolised and is preferentially translocated 
to young growing tissues of roots and shoots, where it can accumulate in millimolar 
concentrations (Reddy et al., 2004). A subsequent release and transfer of glyphosate via the 
rhizosphere to causing damage to following crop plants have been reported by Neumann et al. 
(2006) and Tesfamariam (2009).  
 
According to Reddy et al. (2004) distribution of glyphosate within the root tissues is 
inhomogeneous. Thus, according to Tesfamariam (2009) this potentially leads to the 
formation of hot spots of root residues in soils, containing high levels of glyphosate. 
Glyphosate toxicity to subsequently grown crop plants may be induced by root contact with 
these hot spots (Tesfamariam, 2009). 
 
In contrast to model experiments under hydroponic and soil conditions (Tab. 5.2; Fig. 5.2c, 
5.4c), significant accumulation of shikimate as physiological indicator of glyphosate toxicity 
was detectable under field conditions only at the field trial in TB. However, according to 
results of Bresnahan et al. (2003) a transient phenomenon which potentially peaks already 3-7 
days after exposure to phytotoxic glyphosate. Thus, limited detectability of shikimate 
accumulation in shoot and root of wheat plants under field conditions might be related to a 
relatively late sampling date earliest approx. 4 weeks after emergence. Moreover, it is likely 
that plants strongly damaged by glyphosate died off before the first sampling while 
moderately damaged plants remained. This might have also limited detectability of glyphosate 
concentrations in shoot tissue of wheat, which remained below the detection limit of the 
HPLC-based method (0.5 µg g DW-1) (DFG, 1996). However, according to Allister et al. 
(2005) and Wagner et al. (2003) in case of root supplied glyphosate up to 80% remain in 
roots, while impaired shoot growth is also ready induced by uptake of amounts of 1µg 
glyphosate seedling-1. Accordingly, a re-growth of 1-2 g fresh weight during recovery from 
glyphosate toxicity potentially cause glyphosate concentrations close to or even below the 
Chapter 5 – Glyphosate transfer under field conditions 
 
  
75
detection limit of the HPLC-based method (0.5 µg g DW-1) used for determination of 
glyphosate. 
Transfer of systemic herbicides through the rhizosphere has been also observed in case of 
mesotrione and imazapyr (Boydston et al., 2008). Under field conditions, selective application 
of mesotrione on single plants for control of volunteer potato in crops resulted in mesotrione 
damage of plants growing adjacent to treated volunteer potatoes. 
The mobility of glufosinate (Basta®) in planta employed in the present study as control is not 
entirely understood. Even so it is considered phloem-immobile, Steckel et al. (1997) showed 
that depending on the plant species up to 80 % of the translocated Basta® was found below 
the treated leaves (e.g. roots). Thus, it cannot be ruled out that damage of wheat in 
Basta®/control treatments was caused by a phytotoxic effect after transfer in the rhizosphere.  
Role of the population density of target weeds 
Results of the present study revealed both under field conditions (Fig. 5.3) as well as in model 
experiments (Fig. 5.4a, b, c) a significant correlation between the density of glyphosate 
treated weed plants and intensity- and duration of damage of subsequently cultivated winter 
wheat. Therefore it is plausible that glyphosate in root tissue of treated weed plants 
additionally acts as storage pool of glyphosate in the soil which is released after/during 
microbial degradation of treated root material affecting and prolonging the time-window of 
potential glyphosate phytotoxicity to subsequently sown crop plants.  
In line with this, Doublet et al. (2009) reported that absorption of glyphosate in plants delays 
its subsequent soil-degradation causing two to six increased times persistence in soil. Results 
of von Wirén-Lehr et al. (1997) suggest different mechanisms for degradation of glyphosate 
adsorbed to the soil matrix and bound in plant residues in the soils, respectively.  
Role of tillage treatment 
As the results of the present study indicate, in comparison between different tillage treatments 
damage of crops induced by short waiting time after glyphosate application was at least in 
tendency stronger expressed in case of no-tillage- compared to minimal tillage treatments 
(Tab. 5.1). This effect might be explainable by the increased dispersion and soil mixing of 
glyphosate containing root material in the minimal tillage treatment potentially causing 
destruction of glyphosate spots with high phytotoxic activity and/or the destruction of root 
channels of glyphosate-treated weed roots as preferential pathway for root growth of 
subsequently sown crops (Chapter 4). Potentially minimal tillage might also increase in speed 
of decomposition of glyphosate treated root residues and subsequently inactivation of 
glyphosate by microbial degradation or adsorption to the soil (Alleto et al., 2010; Giesy et al., 
2000).  
Effects on the plant nutritional status 
Because glyphosate is a potent chelator for divalent cations (e.g. Mn, Fe, Zn, Ca, Mg), 
competitive interactions limiting acquisition, uptake, translocation and intra-cellular 
utilisation of cationic nutrients have been discussed as putative causes for glyphosate-induced 
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nutrient limitation (Sprankle et al., 1975c; Subramaniam and Hoggard, 1988; Eker et al., 
2006; Ozturk et al., 2008; Cakmak et al., 2009). However, in the present study there was no 
consistent relationship between pre-crop herbicide applications, waiting time until sowing and 
nutritional status of the following crop. Under field conditions glyphosate concentrations in 
shoots were generally below 0.5 µg g DW-1 while concentration of divalent cations like Mn or 
Zn ranged between 30-40 µg g DW-1. Therefore, results suggest that competitive interaction 
of glyphosate with certain cationic nutrients was not the major limiting factor for nutrient 
acquisition. Since root growth determines the spatial acquisition particularly of sparingly 
soluble nutrients, impairment of root growth by glyphosate toxicity observed in the present 
study might explain the variability of glyphosate-induced nutrient limitations.  
Pathogen infection of plants and allelopathic effects 
Several studies reported increase of infection of wheat with fungal pathogen (Fusarium, 
Phytium, Rhizoctonia) via the “green bridge”, when total herbicides were used to control 
weeds shortly before seeding of cereals (Smiley et al., 1992; Descalzo et al., 1998; Powell 
and Swanton, 2008). Similarly, it is known that residues of weed plants in soil can cause 
allelopathic effects on wheat (Dudai et al., 2009).  
In line with this alternative explanation for crop damage after pre-crop herbicide application, 
first results of the field trials at the field site of TB and DU indicate increased infection of 
wheat with soil-borne pathogens (Fusarium, Phytium and/or Rhizoctonia) in case of short 
waiting time after glyphosate or Basta® application.  
However, in present study comparable crop damage of winter wheat was observed in case of 
pre-crop glyphosate application on a variety of different weed plants on different soils. 
Similarly crop damage after pre-crop application has been reported by several authors over a 
range of different weed/crop plant-systems (Rodrigues et al., 1982; Neumann et al., 2006; 
Römheld et al., 2008; Tesfamariam, 2009). Therefore, in the present study potentially 
increased soil-borne pathogens infection was more likely a consequence of glyphosate-
transfer from weeds to crops inducing weak plant development rather than the primary cause 
of crop damage. However, as the observation of complete crop failure induced by infection of 
glyphosate-damaged winter wheat plants by barley yellow dwarf virus (Römheld et al., 2008) 
indicate, glyphosate-damaged crops are obviously more susceptible to soil-borne pathogens, 
toxicity of allelopathic compounds or other stress factors.  
Effects on final yield 
In contrast to results of Römheld et al. (2008) and results at juvenile growth stages revealing 
significant damage (Tab. 5.1; Fig. 5.1a, b, c, 5.3), at final harvest only a small yield loss of in 
average 10 % (Fig. 5.5) was detectable. This is indicating a recovery of plants in glyphosate 
treatments in later growth stages. The ability of plants to recover from various stress factors, 
among them initial damage after exposure to glyphosate is well known (Ellis and Griffin, 
2002; Norsworthy, 2004c). An additional explanation based on the observation of lower plant 
density in case of short waiting times after pre-crop glyphosate application might be that 
lower plant density caused a higher N-availability per plant and thus enhanced plant recovery.  
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Increased yield losses observed in case of long waiting time between combined application of 
Agil-S® and Basta® as control potentially explainable by insufficient weed control and 
subsequently high competition between crops and weeds in this treatments. In contrast, no 
damage and yield loss crops in case of long waiting times after application of glyphosate-
based herbicides highlighted, that even under conditions of high weed pressure the 
advantageous weed control ability of glyphosate is not lost by observation of waiting times. 
 
5.6 Conclusions 
Even so underlying mechanisms could not be entirely clarified, there is considerable evidence 
for glyphosate stored and released from root residues of treated weed plants as primary cause 
causes for plant damage induced by short waiting time after pre-crop glyphosate application 
under field conditions.  
Therefore, short waiting times between pre-crop application of glyphosate and sowing of 
crops should be avoided under no- or minimal tillage conditions particularly in case of dense 
weed populations. Potentially good agricultural practice and optimised plant production could 
minimise pathogen pressure and thereby reduced additional risk for damaged plants 
associated soil-borne pathogens and other potential stress factors.  
Climatic- (temperature, precipitation), soil physical and microbiological factors in soils 
potentially affecting the risk of crop damage after glyphosate application to weeds before 
sowing need to be evaluated in further studies.  
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6 Important factors for rhizosphere transfer of glyphosate: I. Role of weed 
density and soil type for phytotoxic effects in crop plants 
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6.1 Abstract 
Damage of crops induced by the herbicide glyphosate at short waiting time between 
application for weed control and sowing repeatedly detected under field conditions suggest a 
transfer of phytotoxic glyphosate from roots of treated weeds to subsequently crops. Beside 
this, transfer of soil-borne pathogens via a green bridge or allelopathic effects of weed 
residues might be possible reasons but the underlying mechanisms are still not clear. 
 
To test the hypothesis of a glyphosate rhizosphere transfer and to evaluate the influence of 
soil characteristics and different densities of glyphosate treated weed plants as possible risk 
factors for crop damage, a series of green-house experiments in pots with two contrasting 
soils were conducted. After an application of glyphosate directly into contrasting soils 
(Arenosol, Regosol) or on different densities of pre-cultured model weeds (Lolium perenne 
L.) glyphosate-sensitive (GS) soybean were sown after 4 days in these pots and evaluated for 
potential expression of glyphosate-induced damage. Near isogenic glyphosate-resistant (GR) 
soybean were cultivated as controls under the same conditions as GS soybean to evaluate 
whether potential damage is primarily caused by glyphosate transfer, allelopathic effects of 
weeds or soil-borne pathogens.   
Visual symptoms of glyphosate toxicity, reduced plant biomass, intracellular shikimate 
accumulation as physiological indicator for glyphosate toxicity and a decreased nutritional 
status of plants were observed on both soils only in case of glyphosate plant application in GS 
soybean. Similar but significantly weaker expressed damage was observed in GR soybean 
plants. Significant differences in intensity of damage of GS and GR soybean plants and in 
accumulation of shikimate in root tissue of plants a indicate rhizosphere transfer of glyphosate 
as primary cause for plant damage. Glyphosate-induced damage of GS and GR soybean was 
strongly correlated to the speed of death and decay of glyphosate treated weed plants affected 
by the soil type and the weed density. The correlation between development, intensity and 
expression of damage symptoms of crop plants and death of glyphosate treated weed suggest 
a close connection between the glyphosate transfer from root residues of treated weeds to 
subsequently cultivated crops and the biotic and abiotic growth conditions of weeds and crop 
plants. 
 
Key words: glyphosate, pre-crop application, risk factors, weed residues, soybean (Glycine 
max L.), micronutrients 
 
Abbreviations: 
AI active ingredient 
AMPA aminomethylphosphonic acid 
cv. cultivar 
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EPSP(S) 5-enolpyruvylshikimate-3-phosphate (synthase) 
DAS days after sowing 
DBS days before sowing 
WT waiting time 
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6.2 Introduction 
Since its introduction in 1974, glyphosate (N-(phosphonomethyl)glycine), the active 
ingredient (AI) of systemic, broad-spectrum, non-selective post-emergence herbicide like 
Roundup®, has become by any measure the most extensively used herbicide in agricultural 
practice and due to low production costs and high efficiency in weed control the world's 
bestselling agrochemical compound (Baylis, 2000). Glyphosate acts by inhibiting the 
biosynthesis of aromatic amino acids, thereby causing impairment of general metabolic 
processes, such as photosynthesis, protein synthesis and biosynthesis of secondary aromatic 
compounds (Geiger et al., 1986). As non-selective total herbicide glyphosate is particularly 
used in cropping systems with genetically modified glyphosate-resistant (GR) plants, but also 
as pre-crop application before sowing of glyphosate-sensitive (GS) plants in minimal/no 
tillage cropping systems were it is considered essential in order to minimise crop production 
losses caused by high weed infestations (Lyon et al., 1996; Pline et al., 2002).  
 
Since glyphosate is strongly adsorbed to the soil matrix by one of its three polar functional 
groups and additionally prone to microbial degradation in soil solution, risks for phytotoxicity 
of glyphosate in soils are considered as marginal (Giesy et al., 2000). However, poor 
establishment and impaired growth of crop plants has been reported when glyphosate or other 
non-selective herbicides have been used for weed control before crop sowing in no tillage or 
conservation tillage systems in Australia, Germany and the United States (Smiley et al., 1992; 
Descalzo et al., 1998., Römheld et al., 2008). A stimulation of root pathogens attracted by the 
decaying weed residues (Smiley et al., 1992; Descalzo et al., 1998; Powell and Swanton, 
2008) and the release of allelopathic compounds by decaying weeds have been discussed as 
possible reasons by Dudai et al. (2009). 
In addition, glyphosate-induced damage of crops caused by rhizosphere transfer from weeds 
to crops was also frequently but not always observed in field trials (Römheld et al., 2008; 
Tab. 5.1; Fig.5.3). This suggests that risks associated to glyphosate toxicity in the rhizosphere 
might be influenced by abiotic and biotic factors at the field site such as the soil type and/ or 
the density of glyphosate treated weed plants.  
 
Significant damage of crop plants potentially caused by a transfer of glyphosate from treated 
roots and/ or root residues of treated weeds to subsequently sown crops was repeatedly 
observed in model experiments under controlled conditions (Rodrigues et al., 1982; Neumann 
et al., 2006; Tesfamariam, 2009). However, the studies did not allow a differentiation 
between glyphosate transfer, allelopathic effects of decaying weed residues and/or soil-borne 
pathogens as primary cause of damage.  
 
Therefore, to evaluate the hypothesis that damage of crop plants after pre-crop glyphosate 
application on weed plants is primarily induced by a rhizosphere transfer, but depending on 
abiotic factors such as soil type as well as biotic factors such as the density of glyphosate 
treated weed plants, a series of green-house experiments on two contrasting soils were 
conducted. After an application of glyphosate directly to contrasting soils (Arenosol, Regosol) 
or on different densities of rye grass (Lolium perenne L.) pre-cultured as model weed plants, 
glyphosate-sensitive (GS) soybean were sown after 4 days in these pots and evaluated for 
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potential expression of glyphosate-induced damage. Genetically modified GR cultivars are 
approx. 50 times less sensitive to phytotoxic glyphosate than their parental GS genotypes 
(Nandula et al., 2007) but not significantly different in their sensitivity to allelopathic 
compounds (Norsworthy, 2004c) or soil borne pathogens (Johal and Huber, 2009; Kremer et 
al., 2005). Therefore, near isogenic glyphosate-resistant (GR) soybean were cultivated under 
the same conditions as GS soybean as additional controls to evaluate potential damage caused 
by allelopathic effects of weeds, soil-borne pathogens or glyphosate transfer.   
 
6.3 Material and Methods 
Plant material and growth conditions 
Soybean (Glycine max L.) seeds of the GR cv. BSR Valiosa RR and/or of the non-GR, 
parental line cv. BR-16 Conquista were used in all experiments. BSR Valiosa RR was derived 
from the crossing of cv. BR-16 Conquista with one genotype possessing the glyphosate-
tolerance gene. With an initial crossing and five retro-crossings, it was estimated that the 
index of the paternal recurrent (Conquista) is 0.984 %, suggesting that cv. BSR Valiosa RR 
possesses about 98.4 % of Conquista genes (Neylson Arantes, Embrapa, Brazil, personal 
communication). To evaluate the effect of glyphosate application two soil culture experiments 
were conducted.  
Two contrasting soils were used: a sandy acidic Ap horizon of an Arenosol (pH (CaCl2) 4.5; 
Corg [%] 0.16); calcium chloride-diethylenetriamine pentaacetic acid (CAT)-extractable 
micronutrient concentrations [mg kg−1 soil]: Mn=7.4, Fe=369, Zn=0.8, B=0.9 and Cu=0.5) 
and a clay-rich Regosol soil (pH (CaCl2) 7.1; Corg [%] 3.8%); calcium chloride-
diethylenetriamine pentaacetic acid (CAT)-extractable micronutrient concentrations [mg kg−1 
soil]: Mn=7.6, Fe=34.5, Zn=5.2, B=0.54 and Cu=1.5 (VDLUFA, 2004).  
 
Soils were sieved through a 2 mm mesh and then fertilised with 100 mg N kg−1 soil as 
Ca(NO3)2, 50 mg K kg−1 soil as K2SO4, 50 mg Mg kg−1 soil as MgSO4, and 80 mg P kg−1 soil 
as Ca(H2PO4)2. After fertilisation, the soil was sieved again to guarantee homogeneous 
distribution of the fertilisers. Previous measurements showed no profound changes in soil pH 
after identical fertiliser application to both soil types. 
Glyphosate plant application 
To investigate the effects of glyphosate residues in root tissue of different target weeds on 
subsequently cultivated crop plants, rye grass (Lolium perenne L. cv. Kelvin) was pre-
cultivated as weed in 900 g plastic pots filled with the fertilised soils. In the first soil 
experiment a sowing density of 2.2 g rye grass seeds per pot with a surface area of 100 cm2 
was used.  
 
To compare effects of different plant densities, in a second experiment sowing density of rye 
grass included a low sowing density of 2.2 g and a high sowing density 4.0 g rye grass seeds 
per pot.  
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In all soil experiments, at 10 days after sowing (DAS), the young rye grass seedlings were 
sprayed with glyphosate as Roundup Ultramax® formulation (Monsanto Agrar, Düsseldorf, 
Germany). In the first and the second experiment glyphosate was applied with a hand-held 
sprayer. Each pot received 4.3 mL of glyphosate spray solution on the leaves, based on 
determination of the rye grass leaf area coverage (approx. 2300 cm2 per pot). Due to the 
known self-limited translocation of glyphosate, experiments with wheat and soybean revealed 
in terms of damage of crop plants no significant difference between glyphosate application 
based on the surface area of weed plants and application with a track spraying device 
simulating application technique under field conditions (Fig. 3.1-3.4).   
 
Subsequently, 4 days after glyphosate application to rye grass soybean seeds were sown into 
pots (12 seeds per pot). In the first experiment seeds of glyphosate-resistant (cv. Valiosa) and 
non-resistant (cv. Conquista) soybean were used, while in the second experiment only non-
resistant (cv. Conquista) soybean were sown. The time period between application of 
glyphosate to the rye grass pre-culture and sowing of soybean was defined as “waiting time”. 
After desiccation rye grass residues were not removed and no disturbance of the soil in the 
pots was undertaken.  
In control treatments without glyphosate application, rye grass shoots were removed by 
cutting at the soil level with a sharp knife. 
Glyphosate soil application 
To assess the effects of glyphosate in the soil on non-target plants, the same amount of 
glyphosate as applied to the target weeds (4.3 mL of a Roundup Ultramax® solution 
containing a glyphosate concentration of 28.4 mM) was mixed directly with 900 g of the 
fertilised soils. Controls received only mineral nutrients and water. After a waiting time of 4 
days, soybean seeds were sown (12 seeds per pot) at the same day as in the treatments with 
rye grass weed pre-culture. 
Evaluated parameters 
During the whole growth period of both experiments parameters such as germination, 
seedling development, leaf morphology, plant growth and expression of chlorosis (SPAD-
value) were recorded and scored as visual indicator of glyphosate toxicity. At 10 days after 
sowing (DAS), a first set of soybean seedlings was removed from the pots and fresh weights 
of all plant parts (roots and shoot) were determined. Roots and shoots were stored for analysis 
of accumulation of shikimate in plant tissue as physiological indicator of glyphosate toxicity 
as described below. In each pot, four soybean plants were further cultivated until final harvest 
28 days after germination for the determination of the nutritional status of plants. At final 
harvest, plants were separated in young and old shoot parts and roots. Fresh weights of all 
plant parts (roots and shoot) were determined at harvest and dry weights after oven-drying at 
60°C. Subsequently dried shoots were grinded for analysis of nutritional status of plants. 
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Shikimate analysis 
Shikimate in acidic tissue extracts was analysed with modifications of the methods described 
by Singh and Shaner (1998) and Neumann et al. (2006). The frozen plant tissue was 
homogenised with 5 % ortho-phosphoric acid (1 ml 100 mg-1 fresh weight) using mortar and 
pestle. Insoluble material was removed by centrifugation (5 min at 20.000 x g) and the 
supernatant was used for HPLC analysis after appropriate dilution with the HPLC mobile 
phase. HPLC separation was performed by ion exclusion chromatography using an Aminex 
87H column (Bio-Rad, Richmond, CA, USA) designed for organic acid analysis. A sample 
volume of 20 μL was injected into the isocratic flow (0.5 mL min-1) of the eluent (2.5 mM 
H2SO4, 40 °C) and organic acids were detected spectrophotometrically at 210 nm. 
Identification and quantification of shikimate were conducted by comparing the retention 
times, absorption spectra and peak areas with a known standard. 
Analysis of mineral nutrients 
One hundred milligram of dried shoot material was ashed in a muffle furnace at 500°C for 5 
h. After cooling, the samples were extracted twice with 1 mL of 3.4 M HNO3 and evaporated 
until dryness to precipitate SiO2. The ash was dissolved in 1 mL of 4 M HCl, subsequently 
diluted ten times with hot deionised water, and boiled for 2 min to convert meta- and pyro-
phosphates to orthophosphate. After addition of 0.1 mL Cs/La buffer to 4.9 mL ash solution, 
Fe, Mn and Zn concentrations were measured by atomic absorption spectrometry (UNICAM 
939, Offenbach/Main, Germany). Spectrophotometrical determination of orthophosphate was 
conducted after addition of molybdate-vanadate colour reagent according to the method of 
Gericke and Kurmis (1952). Determination of Mg was conducted by atomic absorption 
spectrometry, while K and Ca were measured by flam photometry. 
Statistics 
All experiments were conducted in a completely randomised block design. Soil experiments 
were conducted with four replicates per treatment for GS soybean and eight for GR soybean. 
Analysis of variance and the Tukey test for detection of significant differences were 
performed using the SigmaStat-software (Jandel Scientific, Sausalito, CA, USA).  
 
6.4 Results 
Glyphosate efficiency on weed pre-culture 
Determination of shoot fresh weight of weed plants after cutting in control treatments showed 
no significant difference in weed plant biomass between the two soils, but significantly 
differences in shoot biomass in comparison of low and high weed density pre-culture were 
found (low density: 8-10 g FW pot-1; high density: 16-20 g FW pot-1). However, soils differed 
significantly in speed of death of glyphosate treated weed plants. In both experiments, 
independent of the density of weed plants rye grass plants died off within the first 7-10 days 
after application of glyphosate on the Regosol. By contrast, on the Arenosol, complete death 
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of rye grass was delayed of approx. 5-7 days in case of glyphosate application on a low weed 
density, and of approx. 10 days in case of a high weed density (Fig. 6.1, 6.2).  
 
Fig. 6.1: Germination and seedling development of glyphosate-sensitive (GS) and glyphosate-
resistant (GR) soybean depending on glyphosate application and soil type 
 (A) Germination and seedling development of GS soybean (Glycine max L.) plants grown on a clayly 
neutral Regosol soil sown after a waiting time of 5 days (5 days WT) after an application on pre-cultured 
rye grass plants (Lolium perenne L.) (Plant application) or after direct soil application of the same 
glyphosate dose (Soil application). (B) Comparison on effects of pre-crop plant application of glyphosate 
(Plant application) on pre-cultured rye grass plants of GS soybean cultivated on a sandy acidic Arenosol 
and a clayly neutral Regosol. (C) Comparison on effects of pre-crop plant application of glyphosate on pre-
cultured rye grass plants (+Gly/Plant application) on GS soybean (GS) and glyphosate-resistant soybean 
(GR) cultivated a clayly neutral Regosol with control (-Gly/ Plant application).  
Chapter 6 – Role of weed density and soil type 
 
  
86 
 
Evaluation of plant damage in early vegetation period 
Scoring of visual symptoms of glyphosate toxicity in soybean seedlings revealed in case of 
pre-crop plant-, but not soil application of glyphosate on both soils significantly lower 
germination, delayed seedling development and deformations of primary leaves in 
comparison to both controls. Correlated to the earlier death of glyphosate treated weed plants 
on the Regosol, scoring of damage of GS and GR soybean seedlings showed significantly 
stronger damage on the Regosol compared to the Arenosol. In comparison between GS and 
GR soybean on both soils delay in seedling development and deformations of emerging 
primary leaves were significantly stronger expressed in GS soybean (Tab. 6.1; Fig. 6.1). 
A comparison of risks for damage of GS soybean depending on glyphosate application on low 
and high weed densities showed severe inhibited germination, delayed seedling development 
and deformations of primary leaves of GS soybean grown on the Regosol, but no significant 
difference in expression of crop damage depending on the densities of treated weeds. By 
contrast, on the Arensol damage of soybean was less expressed and there were indications for 
increased damage in case of glyphosate application to low density of weed plants compared to 
high weed density (Tab. 6.2; Fig. 6.2). 
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Tab. 6.1 Scoring of plant damage in glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean depending on glyphosate application and soil type in early growth stages  
Quantitative and qualitative indicators of crop damage were determined in early growth stages (5-12 days 
after sowing, DAS) on GS and GR soybean (Glycine max L.) seedlings cultivated on a sandy acidic 
Arenosol and a clayly neutral Regosol soil with (+Gly) or without (−Gly) pre-sowing glyphosate treatments 
on a pre-culture with rye grass (Lolium perenne L.) (Plant) or direct glyphosate soil application (Soil). 
Time point of evaluations in days after sowing (DAS) and status of glyphosate treated weed plants are 
indicated. Values represent the average of 4 replicates for GS soybean and 8 replicates for GR soybean. 
Significant differences (P<0,05) are indicated by different characters. 
 
Scoring of plant damage in early growth stages (5-12 DAS) 
          
   Arenosol [pH 4.8] Regosol [pH 7.1] 
         
Date (DAS) Application Application 
     
 Plant Soil Plant Soil 
 - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
          
5 DAS 
 
Status of weed plants [died off] 
 
GS soybean  <10%    >90%   
GR soybean  <10%    >90%   
         
5 DAS 
 
Germination [% seeds pot-1] 
 
GS soybean 98±4A 83±7B 96±5A 96±5A 92±7AB 42±7C 77±21AB 73±14AB
GR soybean 77±6A 88±9A 79±14A 82±14A 80±9A 64±5B 76±5A 80±7A 
         
8 DAS 
 
Delayed seedling development [% plants pot-1] 
 
GS soybean 0±0C 83±0B 2±4C 0±0C 9±7C 98±5A 12±10C 14±12C 
GR soybean 8±11B 9±7B 0±0B 4±5B 0±0B 73±6A 6±8B 6±7B 
         
11 DAS 
 
Deformation of emerging primary leaves [% plants pot-1] 
 
GS soybean 0±0B 93±9A 0±0B 0±0B 0±0B 100±0A 0±0B 0±0B 
GR soybean 0±0B 0±0B 0±0B 0±0B 0±0B 35±9A 0±0B 0±0B 
         
12 DAS 
 
Shikimate concentration in root tissue [µg g FW-1] 
 
GS soybean 125±118B 4257±3524A 90±33B 32±10B 147±65B 7480±1559A 68±8B 97±39B 
GR soybean 80±41N.S 209±165N.S 71±11N.S 32±10N.S 107±32N.S 485±421N.S 54±5N.S 32±10N.S
                   
 
Determination of intracellular shikimate concentrations in soybean root tissue as 
physiological indicator of glyphosate toxicity 15 days after glyphosate application on pre-
cultured weed plants showed on both soils in GS and GR soybean elevated concentrations of 
shikimate only in case of pre-crop plant application of glyphosate. In comparison to control, 
significant differences in shikimate concentrations were detectable on both soils in GS 
soybean, while in GR soybean shikimate concentrations were only significantly increased in 
case of plants cultivated on the Regosol (Tab. 6.1). 
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Shikimate concentrations in roots of GS soybean cultivated on both soils after glyphosate 
application to low or high density of pre-cultured weed were in both cases significantly 
increased compared to controls. Shikimate concentrations in GS soybean roots were highest in 
case of glyphosate application on a high density of weed plants on the Regosol. In contrast, on 
the Arenosol highest shikimate concentrations were observed in case of glyphosate 
application on a low density of weeds (Tab. 6.2).  
 
Tab. 6.2 Scoring of plant damage in glyphosate-sensitive (GS) soybean depending on soil type 
and density of glyphosate-treated weeds in early growth stages 
Quantitative and qualitative indicators of crop damage were determined in early growth stages (5-12 days 
after sowing, DAS) on GS soybean (Glycine max L.) seedlings cultivated on a sandy acidic Arenosol and a 
clayly neutral Regosol soil with (+Gly) or without (−Gly) pre-sowing glyphosate treatments on a low 
(Low) and high (High) density of pre-cultured weed plants (Lolium perenne). Time point of evaluations in 
days after sowing (DAS) and status of glyphosate treated weed plants are indicated. Values represent the 
average of 4 replicates. Significant differences (P<0,05) are indicated by different characters. 
 
Scoring of plant damage in early growth stages (5-12 DAS) 
         
  Arenosol [pH 4.8] Regosol [pH 7.1] 
          
Date (DAS) Weed densities Weed densities 
      
 Low High Low High 
  - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
          
5 DAS 
 
Status of weed plants [died off] 
 
GS soybean  <10%  <10%  >90%  >90% 
         
5 DAS 
 
Germination [% seeds pot-1] 
 
GS soybean 98±4A 83±12B 96±5A 81±8B 95±8A 35±10C 93±8A 45±10C 
         
10 DAS 
 
Delayed seedling development [% plants pot-1] 
 
GS soybean 0±0C 57±20B 0±0C 43±10B 0±0C 90±12A 0±0C 87±6A 
         
10 DAS 
 
Deformation of emerging primary leaves [% plants pot-1] 
 
GS soybean 0±0C 76±20AB 0±0C 48±18B 0±0C 89±12A 0±0C 87±6A 
         
11 DAS 
 
Shikimate concentration in root tissue [µg g FW-1] 
 
GS soybean 61±47B 1488±621A 94±26B 996±654A 101±54B 2058±973A 77±28B 2631±1612A
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Fig. 6.2: Seedling development of glyphosate-sensitive (GS) soybean depending on density of 
glyphosate-treated weeds  
GS soybean (Glycine max L.) plants were cultivated on a sandy acidic Arenosol (pH 4.8) (left) and a clayly 
neutral Regosol (pH 7.1) (right) with (+Gly) or without (Control) glyphosate application at 5 days before 
sowing to varied densities of weed plants (Lolium perenne L.) (above: Low weed density, below: High 
weed density) pre-cultured for 10 days before glyphosate application in the same pots. 
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Evaluation of plant damage in mid vegetation period 
Evaluation of visual symptoms of glyphosate toxicity gave indications for damage of GS and 
GR soybean only in case of pre-crop application of glyphosate on weed plants. At this growth 
stage, damage of GS and GR soybean comprised impaired development of main shoots (e.g. 
no formation of trifoliar leaves on main shoots), decreased shoot height and significantly 
increased formation of deformed/ inversely cordated trifoliar leaves (Tab. 6.3; Fig. 6.3). In 
comparison between GS and GR soybean on both soils symptoms of damage were 
significantly stronger expressed in GS soybean. In contrast to damage in earlier growth stages, 
there were no significant differences in intensity of damage of GS and GR soybean between 
the Regosol (died off weed plant) and the Arenosol (died off weed plants) in this experiment 
(Tab. 6.3).  
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Tab. 6.3 Scoring of plant damage in glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean depending on glyphosate application and soil type in mid vegetation period  
Quantitative and qualitative indicators of crop damage were determined on GS and GR soybean (Glycine 
max L.) plants in mid vegetation period (14-21 days after sowing, DAS) cultivated on a sandy acidic 
Arenosol and a clayly neutral Regosol soil with (+Gly) or without (−Gly) pre-sowing glyphosate treatments 
on a weed pre-culture with (Lolium perenne L.) (Plant) or direct glyphosate soil application (Soil). Time 
point of evaluations in days after sowing (DAS) and status of glyphosate treated weed plants are indicated. 
(*) In case of GS soybean trifoliar leaves were severely damaged/ did not fully develop in this treatment) 
Values represent the average of 4 replicates for GS soybean and 8 replicates for GR soybean. Significant 
differences (P<0,05) are indicated by different characters. 
 
Scoring of plant damage in mid vegetation period (14-21 DAS) 
          
  Arenosol [pH 4.8] Regosol [pH 7.1] 
         
Date (DAS) Application Application 
     
 Plant Soil Plant Soil 
 - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
          
14 DAS 
 
Status of weed plants [died off] 
 
GS soybean regrowth >90%    regrowth >90%   
GR soybean regrowth >90%    regrowth >90%   
         
18 DAS 
 
Impaired primary shoot development [% plant pot-1] 
 
GS soybean 0±0B 38±25A 0±0B 0±0B  0±0B 25±0A 0±0B 0±0B 
GR soybean 0±0B 0±0B 0±0B 0±0B  0±0B 0±0B 0±0B 0±0B 
         
20 DAS 
 
Shoot height [cm] 
 
GS soybean 20±2A 9±2B 23±2A 23±3A  22±3A 7±3B 21±2A 23±3A 
GR soybean 21±3A 17±2B 23±1A 23±3A  23±2A 16±2B 22±3A 23±1A 
         
21 DAS 
 
Deformation of fully developed trifoliar leaves* [% plants pot-1] 
 
GS soybean 0±0B 97*±6A 0±0B 0±0B  0±0B 92*±10A 0±0B 0±0B 
GR soybean 6±11B 72±29A 16±13B 9±13B 9±13B 59±26A 6±11B 6±11B 
                   
 
However, in experiments evaluating risks for crop damage of GS soybean depending on 
glyphosate application on low and high weed densities, plant damage was significantly 
stronger expressed on the Regosol in comparison to the Arenosol. While no significant 
differences in terms of plant damage were observed between both weed densities on the 
Regosol, on the Arenosol glyphosate application to low weed density induced significantly 
increased damage of soybean plants compared to high weed density (Tab. 6.4).  
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Tab. 6.4 Scoring of plant damage in glyphosate-sensitive (GS) soybean depending on soil type 
and density of glyphosate-treated weeds in mid vegetation period  
Quantitative and qualitative indicators of crop damage were determined on GS soybean (Glycine max L.) in 
mid vegetation period (13-17 days after sowing, DAS) cultivated on a sandy acidic Arenosol and a clayly 
neutral Regosol soil with (+Gly) or without (−Gly) pre-sowing glyphosate treatments on a low (Low) and 
high (High) density of pre-cultured weed plants (Lolium perenne L.). Time point of evaluations in days 
after sowing (DAS) and status of glyphosate treated weed plants are indicated. Values represent the average 
of 4 replicates. Significant differences (P<0,05) are indicated by different characters. 
 
Scoring of plant damage in mid vegetation period (13-17 DAS) 
          
 Arenosol [pH 4.8] Regosol [pH 7.1] 
         
Date (DAS) Weed densities Weed densities 
 Low High Low High 
 - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
                   
13 DAS 
 
Status of weed plants [died off] 
 
GS soybean regrowth >90% regrowth >50% regrowth >90% regrowth >90% 
          
17 DAS 
 
Leaf surface area of primary leaves [cm2] 
 
GS soybean 177±11A 94±7C 184±14A 122±10B  174±6A 91±10C 175±9A 94±7C 
          
17 DAS 
 
Chlorosis scoring of primary leaves [SPAD-value] 
 
GS soybean 45±1A 38±1BC 44±1A 40±1B  44±1A 34±1D 44±1A 36±1CD 
          
17 DAS 
 
Impaired main shoot development [% plant pot-1] 
 
GS soybean 8±10B 54±15A 8±10B 54±15A 4±8B 79±15A 8±10B 79±15A 
                   
 
Evaluation of plant damage in late vegetation period stage 
Shortly before harvest, evaluation of glyphosate-toxicity symptoms in GS and GR soybean 
demonstrated significant increase in damage symptoms including increase in auxiliary shoot 
formation, cupping of young trifoliar leaves and chlorosis on youngest fully developed leaves 
only in case of pre-crop application of glyphosate on weed plants. In comparison between GS 
and GR soybean, delay in seedling development and deformations of emerging primary leaves 
were significantly stronger expressed in GS soybean on both soils (Tab. 6.5).  
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Fig. 6.3: Visual symptoms of glyphosate-sensitive (GS) and glyphosate-resistant (GR) soybean plants after glyphosate plant application 
Visual symptoms of damage were observed on leaves and stems of GS (GS) and GR (GR) soybean (Glycine max L.) cultivated on a sandy acidic Arenosol and a clayly 
neutral Regosol with (+Gly) or without (-Gly) glyphosate application at 5 days before sowing to a pre-culture of rye grass (Lolium perenne L.) (Plant applic.). (A) 
Undamaged fully developed trifoliar leaves of GR soybean in control, (B) Deformed fully developed trifoliar leaves of GR soybean after glyphosate application on weed 
plants. Cupping of emerging trifoliar leaves and coiling of shoot apices of (C) GS soybean and (D) GR soybean after glyphosate application on weed plants. Increased 
formation of auxiliary shoots on main shoots of (E) GS soybean and (F) GR soybean after glyphosate application on weed plants are shown. 
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In contrast to early growth stages, symptoms of glyphosate damage were stronger expressed 
in GS and GR soybean on the Arenosol than on the Regosol (Tab. 6.5; Fig. 6.3). In line with 
this finding, also in the experiment with varied weed density GS soybean showed a higher 
glyphosate damage on the Arenosol (Tab. 6.6). Weed plants had died of completely on both 
soils at this time (Tab. 6.6).  
Tab. 6.5 Scoring of plant damage in glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean depending on glyphosate application and soil type in late vegetation period 
Quantitative and qualitative parameters of crop damage were determined on GS and GR soybean (Glycine 
max L.) plants in late vegetation period (26 days after sowing, DAS) cultivated on a sandy acidic Arenosol 
and a clayly neutral Regosol soil with (+Gly) or without (−Gly) pre-sowing glyphosate treatments on a 
weed pre-culture (Lolium perenne L.) (Plant) or direct glyphosate soil application (Soil). Time point of 
evaluations in days after sowing (DAS) and status of glyphosate treated weed plants are indicated. Values 
represent the average of 4 replicates for GS soybean and 8 replicates for GR soybean. Significant 
differences (P<0,05) are indicated by different characters. 
 
Scoring of plant damage in late vegetation period (26 DAS) 
          
  Arenosol [pH 4.8] Regosol [pH 7.1] 
         
Date (DAS) Application Application 
     
 Plant Soil Plant Soil 
 - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
          
26 DAS 
 
Chlorosis scoring of trifoliar leaves [SPAD-value] 
 
GS soybean 27±1B 19±1C 26±1B 26±2B  33±1A 18±4C 33±2A 32±1A 
GR soybean 26±1B 27±1B 27±2B 26±2B  31±2A 31±1A 32±1A 31±1A 
          
26 DAS 
 
Increased secondary shoot formation [% plants pot-1] 
 
GS soybean 0±0B 97±6A 0±0B 0±0B  0±0B 92±10A 0±0B 0±0B 
GR soybean 9±13B 72±29A 16±13B 15±13B  9±13B 59±26A 6±13B 6±13B 
          
26 DAS 
 
Cupping of young trifoliar leaves [% plants pot-1] 
 
GS soybean 6±13C 100±0A 6±13B 0±0B  0±0B 100±0A 0±0B 0±0B 
GR soybean 6±13C 94±13A 0±0C 0±0C  6±13C 69±13B 6±13C 0±0C 
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Tab. 6.6 Scoring of plant damage in glyphosate-sensitive (GS) soybean depending on soil type 
and density of glyphosate-treated weeds in late vegetation period 
Quantitative and qualitative parameters of crop damage were determined on GS soybean (Glycine max L.) 
in late vegetation period (20-27 days after sowing, DAS) cultivated on a sandy acidic Arenosol and a clayly 
neutral Regosol soil with (+Gly) or without (−Gly) pre-sowing glyphosate treatments on a low (Low) and 
high (High) density of pre-cultured weed plants (Lolium perenne). Time point of evaluations in days after 
sowing (DAS) and status of glyphosate treated weed plants are indicated. Values represent the average of 4 
replicates. Significant differences (P<0,05) are indicated by different characters. 
 
Scoring of plant damage in late growth stages (20-27 DAS) 
          
 Arenosol [pH 4.8] Regosol [pH 7.1] 
         
Date (DAS) Weed densities Weed densities 
     
 Low High Low High 
 - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
          
20 DAS 
 
Status of weed plants [died off] 
 
GS soybean regrowth >90% regrowth >90% regrowth >90% regrowth >90% 
          
23 DAS 
 
Deformation of trifoliar leaves* [% plants pot-1] 
 
GS soybean 0±0C 100±0A 0±0C 100±0A 0±0C 79±15B 0±0C 79±15B 
          
27 DAS 
 
Increased secondary shoot formation [% plants pot-1] 
 
GS soybean 0±0C 100±0A 0±0C 94±13AB  0±0C 69±24B 0±0C 88±14AB 
          
27 DAS 
 
Leaf surface area of trifoliar leaves [cm2] 
 
GS soybean 515±58A 162±44B 495±35A 193±32B  507±11A 173±13B 528±35A 201±26B
          
27 DAS 
 
Chlorosis scoring of trifoliar leaves [SPAD-value] 
 
GS soybean 32±1A 27±0B 31±0A 27±0B  32±1A 33±1A 32±1A 28±2B 
          
27 DAS 
 
Cupping/coiling of emerging trifoliar leaves [% plants pot-1] 
 
GS soybean 6±13C 100±0A 0±0C 100±0A  0±0C 25±0B 6±13C 25±0B 
                   
 
Determination of shoot and root fresh- and dry weights at final harvest revealed on both 
contrasting soils decline in plant biomass of GS and GR soybean only in case of pre-crop 
glyphosate application on weed plants which was however only significantly declined in GS 
soybean. Comparing shoot- and root biomass of GS and GR soybean there was no significant 
difference between the two soils, while initially damage was significantly greater on the 
Regosol (Fig 6.4).  
Determination of shoot and root dry weights of GS soybean cultivated on the two soils after 
glyphosate application on low or high weed densities showed in case of glyphosate 
application on weeds significantly impaired shoot- and root biomass production. However, 
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there were significant differences in terms of impaired shoot- and root biomass of GS soybean 
neither between the two soils nor between the different weed densities (Fig. 6.5). 
 
 
Fig. 6.4: Biomass and Zinc concentration in shoots of glyphosate-sensitive (GS) and glyphosate-
resistant (GR) soybean depending on soil type and glyphosate application 
Shoot dry matter (A, B) and Zn concentration (C,D) in the shoots of GS and GR soybean (Glycine max L.) 
plants were measured 28 days after sowing (DAS) on a sandy acidic Arenosol (pH 4.8) and a clayly neutral 
Regosol (pH 7.1) with (+Gly) or without (-Gly) glyphosate application at 5 days before sowing to a pre-
culture of rye grass (Lolium perenne L.) (Plant application) or directly incorporated into the soil (Soil 
application), respectively. Data represent means and standard deviations of 4 independent replicates for GS 
soybean and 8 replicates for GR soybean. Significant differences between treatments are indicated by 
different characters. 
 
Evaluation of nutritional status of plants  
Determination of nutrient concentrations in shoots of GS and GR soybean showed for plants 
grown on the Arenosol only in GS soybean significantly lower concentrations of Zn (Fig. 
6.4), Mn, Ca and Mg (data not shown) in case of glyphosate application on weeds in 
comparison to control and soil application of glyphosate. On this soil, significant decline in 
Mn and Zn concentrations in shoots of GS soybean were also induced by application of 
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glyphosate to varied densities of pre-cultured weeds. However, concentrations were for all 
mineral nutrients still above the deficiency threshold (Fig. 6.5).  
 
 
Fig. 6.5: Shoot, root biomass and micronutrients concentrations in shoots of glyphosate-sensitive 
(GS) soybean depending on soil type and density of glyphosate-treated weeds 
Shoot and root dry matter (A, B) and (C) Mn- or (D) Zn concentration in shoots of GS soybean (Glycine 
max L.) plants were measured 28 days after sowing (DAS) on a sandy acidic Arenosol (pH 4.8) and a 
clayly neutral Regosol (pH 7.1) with (+Gly) or without (-Gly) glyphosate application at 5 days before 
sowing to a low (Low) – or a high (High) density of weed plants (Lolium perenne L.) pre-cultured for 10 
days before glyphosate application in the same pots. Data represent means and standard deviations of 4 
independent replicates. Significant differences between treatments are indicated by different characters. 
 
By contrast, Zn concentrations in shoots of GS and GR soybean grown on the Regosol were 
significantly declined and close to/below the Zn deficiency threshold in case of glyphosate 
application on weed plants (Fig. 6.4). Similarly, a significant decline in Zn concentrations in 
shoots of GS soybean below the Zn deficiency threshold was also induced by application of 
glyphosate to varied densities of pre-cultured weeds on this soil (Fig. 6.5).  
Mn, Fe, Cu, Ca, Mg, K and P concentrations in shoots of GS and GR soybean grown on the 
Regosol showed no significant differences between glyphosate- and control treatments (data 
not shown).  
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6.5 Discussion 
Glyphosate transfer in the rhizosphere 
In the present study, an application of glyphosate directly to the soils caused no glyphosate-
induced damage of soybean such as accumulation of shikimate, decline of plant biomass and 
impaired nutrient status of GS and GR soybean (Tab.6.1, 6.3, 6.5; Fig. 6.4). These findings 
support the concept of low soil toxicity of glyphosate caused by rapid glyphosate 
detoxification by adsorption and/ or microbial degradation (Giesy et al., 2000; Borggaard and 
Gimsing, 2008).  
However, application of an identical amount of glyphosate on pre-cultured rye grass as target 
weed induced in GS and GR soybean significant damage in terms of declined germination, 
delayed seedling development, deformations of leaves, impaired plant growth, accumulation 
of shikimate as physiological indicator of glyphosate toxicity and impaired nutrient status of 
GS and GR soybean (Tab.6.1, 6.3, 6.5; Fig. 6.3, 6.4). Significantly damage of GS- and GR 
soybean plants after glyphosate application on pre-cultured weeds (Tab. 6.1-6.6; Fig. 6.4, 6.5) 
are most likely caused by a rhizosphere transfer of phytotoxic glyphosate from roots of 
glyphosate treated weed plants to subsequently grown crop plants, which is also in accordance 
with the knowledge on behaviour of glyphosate in planta. After uptake by leaves glyphosate 
is rapidly translocated throughout the plant, but preferentially to young plant tissue with high 
metabolic activity and growth rates such root tips and shoot apices where potentially up to up 
to 80 % of the absorbed glyphosate accumulates (Hetherington et al., 1999; Reddy et al., 
2004). Recently, Doublet et al. (2009) reported that absorption of herbicides in plant delays 
their subsequent soil-degradation, and particularly in case of glyphosate persistence in soil 
could increase two to six times.  
 
In experiments conducted in Chapter 4, glyphosate application to weeds resulted in much 
stronger and longer lasting damage of sunflowers in case of short waiting times before sowing 
of the subsequent crop compared to application of the same amount of glyphosate directly 
mixed with the soil.  
There are several reports in literature on comparable crop damage induced by short waiting 
time between glyphosate application on weeds and sowing of crops on a number of soils with 
contrasting soil characteristics (Rodrigues et al., 1982; Römheld et al., 2008; Tesfamariam, 
2009). According to Tesfamariam (2009) risk of crop damage associated to rhizosphere 
transfer of glyphosate from weeds to crops due to a contact contamination by roots in the soil 
and therefore largely soil independent. However, in other studies the soil type considerably 
influenced the risk for crop damage induced by glyphosate toxicity in the rhizosphere 
(Neumann et al., 2006; Tesfamariam et al., 2009)  
 
In the present study, significant differences between both used soil types in terms of speed, 
intensity and expression of symptoms indicating glyphosate toxicity in GS and GR soybean 
were detectable during the vegetation period (Tab. 6.1-6.6). However, no significant 
difference between the two soils in terms of glyphosate-induced impaired plant biomass was 
observed at final harvest (Fig. 6.4, 6.5). Therefore, results support the conclusion that risk for 
crop damage associated to rhizosphere transfer of glyphosate is largely soil independent. But 
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results also indicate that the soil type might have high importance for risk of crop damage 
induced by glyphosate transfer from weeds to crops due to effects on the growth conditions of 
glyphosate treated weeds as well as factor influencing the decay of root residues of treated 
weed plants.  
 
Results of Rodrigues et al. (1982) and of Chapter 5 (Fig. 5.4) indicate that strength and 
duration of damage of maize and wheat induced by phytotoxic glyphosate was directly 
correlated to the density of glyphosate-treated weed plants acting as storage pool of 
glyphosate in soils.  
In contrast, in both experiments of the present study expression, strength and development of 
damage symptoms of GS (and GR) soybean were highly correlated to the speed of death of 
weed plants (Tab. 6.1-6.6; Fig. 6.1) but only indirectly affected by the density of treated weed 
plants (Tab. 6.2, 6.4, 6.6; Fig. 6.2). A correlation between development, intensity and 
expression of damage symptoms of GS and GR soybean plants and death of glyphosate 
treated weed potentially indicate that glyphosate release from treated weed roots might occur 
in two phases involving (a) exudation of glyphosate from living roots as well as (b) release of 
glyphosate from decaying root material. In line with this interpretation, results of various 
studies indicate, release of glyphosate from living roots within first few hours after 
application of glyphosate on weed plants (Neumann et al., 2006; Laitinen et al., 2007; 
Tesfamariam, 2009). However, Tesfamariam (2009) detected also evidence for increased 
damage of sunflowers in case of 14 days waiting time compared to 7 days waiting indicating a 
second peak of glyphosate release from roots of glyphosate treated weed plants during 
complete die off/decay of weed residues in soils.  
 
In the present study, glyphosate-induced symptoms of plant damage during early growth stage 
were significantly stronger expressed in plants grown on the Regosol compared to the 
Arenosol (Tab. 6.1, 6.2; Fig. 6.1, 6.2)  
In comparison between the two contrasting soils, the Regosol had considerably higher soil 
organic matter and most likely higher microbial activity. Potentially, higher microbial activity 
on the Regosol has contributed to a more rapid degradation of glyphosate treated root residues 
leading to a massive release of glyphosate in a short time span and therefore to higher damage 
of GS and GR soybean in early growth stages.  
 
A correlation between damage of soybean plants and death of glyphosate treated weeds (Tab. 
6.1-6.6; Fig. 6.1, 6.2) might indicate allelopathic effects by decaying weed residues or transfer 
of soil-borne pathogens from pre-cultured rye grass to crops as potential causes for damage of 
GS and GR soybean in the present study. Several studies reported increase of infection of 
crops with fungal pathogen, when total herbicides were used to control weeds shortly before 
seeding of cereals (Smiley et al., 1992; Descalzo et al., 1998; Powell and Swanton, 2008). 
Similarly, it is known that residues of weed plants in soil can cause allelopathic effects on 
crop plants (Dudai et al., 2009). However, in the present study damage of GS soybean was 
significantly increased in comparison to GR soybean in controls but at the same time 
significantly smaller in comparison to damage of GS soybean (Tab. 6.3; Fig.6.2-6.4). Studies 
investigating sensitivity of GR crops to soil-borne pathogens or allelopathic effects revealed 
no differences compared to GS crops (Northsworthy, 2004; Kremer et al., 2005) Therefore, it 
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is unlikely that allelopathic effects of weed residues or soil-borne pathogens played a role for 
crop damage observed in the present study.  
Glyphosate damage of GR soybean 
Damage of GR soybean after indirect exposure to glyphosate by pre-crop application on weed 
plants has not been reported so far (Tab. 6.1, 6.3, 6.5; Fig. 6.1, 6.3, 6.4). However, according 
to Nandula et al. (2007) GR soybean are not fully resistant to glyphosate but about 50x less 
sensitive to glyphosate than non-resistant plants. Expression of damage symptoms and decline 
in plant biomass of GR and GS soybean observed in the present study confirms these results 
(Tab. 6.1, 6.3, 6.5; Fig. 6.1, 6.3, 6.4). According to various authors, damage of GR soybean 
after glyphosate application is most likely caused by toxicity of aminomethylphosphonic acid 
(AMPA) as phytotoxic metabolite of glyphosate (Reddy et al., 2004; Nandula et al., 2007; 
Zobiole et al., 2010a, 2010b). By contrast, Pline et al. (2002a) showed growth depression and 
accumulation of shikimate in GR cotton seedlings after root exposure to glyphosate. In this 
study the quantity of glyphosate-resistant EPSP synthase was 4.7 and 6.6 times greater in 
cotyledons compared to roots and tissues from dark-grown GR cotton seedlings contained 
1.2–2.1 times less EPSP synthase than their light-grown counterparts. As accumulation of 
shikimate in root tissue of GR soybean was detectable in the present study, it seems plausible 
that damage of GR soybean was caused by direct glyphosate toxicity.  
Interestingly, damage symptoms highly similar to those observed in the present study in GR 
soybean (Fig. 6.3) have been reported by extension services in the United States after 
glyphosate application in GR soybean fields (Taylor, 2002), but were attributed to drift of 
growth-regulator herbicides or re-mobilisation of these herbicides by glyphosate formulations 
in spray tanks. However, in the present study effects of growth regulator herbicides can be 
ruled out. Therefore it seems plausible that symptoms such as cupping and rolling of young 
trifoliar GR soybean leaves are caused by a secondary effect of glyphosate on the hormonal 
status of plants, which has been discussed already by Cole (1985).  
Nutritional status of crops 
Since glyphosate is a known chelator for divalent cations (e.g. Mn, Fe, Zn, Ca, Mg), 
competitive interactions limiting acquisition, uptake, translocation and intra-cellular 
utilisation of cationic nutrients have been discussed as putative causes for glyphosate-induced 
nutrient limitation (Sprankle et al., 1975a; Subramaniam and Hoggard, 1988; Eker et al., 
2006; Ozturk et al., 2008; Cakmak et al., 2009). By contrast, several publications concluded 
that impaired nutritional status of GS and GR plants is most likely a secondary effect of 
glyphosate toxicity due to impaired root growth or effects on photosynthesis (Duke et al., 
1983; Neumann et al., 2006; Tesfamariam, 2009; Zobiole et al., 2010a).  
In the present study similar negative effects on plant growth were observed on the Regosol 
and the Arenosol in case of micronutrient deficiency as well as sufficiency (Fig. 6.4, 6.5), 
while calculations of nutrient contents in shoots revealed glyphosate-induced general 
impairment of anionic as well as cationic nutrients acquisition by GS and GR soybean. 
Therefore impaired nutritional status of plants was rather a secondary effect of glyphosate 
toxicity to GS- and GR soybean plants.  
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6.6 Conclusions 
Results of the present study highlight the importance of roots residues of glyphosate treated 
weed plants as storage pool for glyphosate which is associated with increasing and prolonging 
phytotoxic activity in soils and potential damage of crops in case of short waiting time 
between application and sowing. A correlation between development, intensity and 
expression of damage symptoms of crop plants and death of glyphosate treated weed suggest 
a close connection between risk for crop damage induced by glyphosate transfer from root 
residues of treated weeds to subsequently cultivated crops and the biotic and abiotic growth 
conditions. The connection between risk for glyphosate-induced crop damage and 
environmental growth conditions might explain why glyphosate damage of crops after 
application on weed plants is frequently but not generally observed. 
 
For a better understanding of risks for crop damage associated to glyphosate stored in residues 
of treated weeds and to achieve better recommendations for farmers, factors like growth 
season (spring or fall application), temperature, water content of soils and soil microbial 
activity which might shorten or enhance the time window for crop damage caused by transfer 
of phytotoxic glyphosate in the rhizosphere need to be evaluated in future model experiments 
but also under field conditions.  
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7 Important factors for rhizosphere transfer of glyphosate: II. Role of 
differences in sensitivity of crops to glyphosate 
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7.1 Abstract 
Several recent publications indicated crop damage induced by rhizosphere transfer of 
glyphosate from roots of treated target weeds to subsequently grown crop in model 
experiments and under field conditions. Differences between plant species in sensitivity to 
glyphosate in the rhizosphere might influence the probability and severity of crop damage 
caused by glyphosate rhizosphere transfer from weeds to crops. However, this has not been 
studied in detail so far.  
To assess potential differences in sensitivity to glyphosate in the rhizosphere between crop 
species, soybean, maize and wheat seedlings were cultivated for 24 h in 5, 10 or 30 µM 
glyphosate in deionised water. Subsequently plants were transferred to nutrient solution and 
cultivated for additional 21 days. Visual symptoms of glyphosate toxicity, plant biomass, 
intracellular shikimate accumulation as physiological indicator for glyphosate toxicity and the 
plant nutritional status were determined to evaluate potential sensitivity to glyphosate. 
Assessments of these indicators for glyphosate revealed consistently significant differences 
between the plant species with wheat being most susceptible and soybean most resistant to 
glyphosate in the rhizosphere. Interestingly wheat and maize, but not soybean showed 
visually detectable symptoms of glyphosate toxicity on shoots, while initial glyphosate 
damage of roots was comparable in all plant species. 
Results indicate that differences between plant species in sensitivity to glyphosate in the 
rhizosphere are potentially related to differences in translocation of glyphosate from roots to 
shoots, in glyphosate uptake by roots and/or to the ability for internal detoxification of 
glyphosate by conversion to its less phytotoxic metabolite aminomethylphosphonic acid 
(AMPA). Furthermore, results suggest a strong connection between sensitivity of plant 
species to glyphosate and the abiotic and biotic growth conditions as determining factors for 
the severity of glyphosate induced crop damage and the potential for recovery of crops.  
 
 
 
Key words: glyphosate, toxicity, rhizosphere, plant species, sensitivity, soybean (Glycine 
max L.), maize (Zea maize L.), winter wheat (Triticum aestivum L.)  
 
Abbreviations: 
AMPA aminomethylphosphonic acid 
DAT days after transfer 
EPSP 5-enolpyruvylshikimate-3-phosphate 
GS: glyphosate-sensitive 
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7.2 Introduction 
Due to low production costs and high efficiency, glyphosate (N-phosphonomethylglycine) is 
the most widely used herbicide on global scale (Baylis, 2000). The primary mechanism of 
action of glyphosate is the competitive inhibition of the 5-enolpyruvylshikimate-3-phosphate 
(EPSP) synthase enzyme in the shikimic acid pathway leading to impaired conversion of 
shikimic acid to chorismic acid thereby causing impairment of general metabolic processes, 
such as synthesis of aromatic amino acids, protein synthesis and photosynthesis (Geiger et al., 
1986). Therefore, glyphosate application frequently induces intracellular accumulation of 
shikimate, which can be used as a sensitive physiological indicator for glyphosate toxicity 
(Henry et al., 2007). 
 
Risks of glyphosate toxicity to non-target plants in soils are generally considered as marginal, 
since glyphosate in the soil solution is prone to rapid microbial degradation or almost 
instantaneous inactivation by sorption to the soil matrix (Giesy et al., 2000). However, an 
additional potential pool of glyphosate in soils, which has not been widely considered so far, 
might be present in plant residues of treated weeds. As systemic herbicide, glyphosate is 
translocated throughout the plant and organs with high metabolic activity and growth rates 
such as nodules, root tips and shoot apex represent a high sink activity for glyphosate. In 
many plant species, glyphosate is not readily metabolised and considerable amounts can 
accumulate particularly in young tissues (Reddy et al., 2004). Under field conditions Laitinen 
and Rämö (2005) detected 40 days after application glyphosate concentrations of up to 2.7 mg 
kg dry weight−1 in roots of glyphosate treated weeds, while glyphosate concentrations in 0–
5 cm and 5–35 cm soil layers were 0.17 and 0.07 mg kg dry weight−1. Recently, Doublet et al. 
(2009) reported that accumulation of herbicides in plants and in particularly in root residues 
delayed their subsequent soil-degradation, and particularly in case of glyphosate persistence 
in soil could increase two to six times and should be considered for environmental risk 
assessments. 
 
In line with this, significant damage of crop plants most likely caused by a transfer of 
glyphosate from treated roots and/ or root residues of treated weeds to subsequently sown 
crops was repeatedly observed in model experiments under controlled conditions (Rodrigues 
et al., 1982; Neumann et al., 2006; Tab. 4.1, 4.2, 5.2; Fig 4.3, 4.4, 5.4), but also by farmers 
frequently but not always in fields (Römheld et al., 2008; Tab. 5.1; Fig. 5.3).  
 
This suggests that risks associated to glyphosate toxicity in the rhizosphere might be 
influenced by abiotic and biotic factors at the field site and potentially most importantly by 
the plant-specific sensitivity to phytotoxic glyphosate in the rhizosphere. However, 
differences between crops in their sensitivity to glyphosate in rhizosphere have not been 
studied so far.  
In contrast to this, results of numerous studies investigating effects of glyphosate drift on crop 
plants revealed significant differences in sensitivity of plant species as well as the growth 
stage at exposure to glyphosate (Ellis et al., 2003; Roider et al., 2007; Al-Kathib and 
Peterson, 1999; Ellis and Griffin, 2002). In these studies, gramineous plant species like wheat 
(Triticum aestivum L.), maize (Zea maize L.) and rice (Oryza sativa L.) responded with 
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significant yield reduction when glyphosate was applied in early growth stages (Ellis et al., 
2003; Roider et al., 2007), while particularly in conventional soybean (Glycine max L.) and in 
some extent also cotton (Gossypium hirsutum L.) appear to be more resistant to glyphosate 
after drift exposure (Al-Kathib and Peterson, 1999; Ellis and Griffin, 2002; Norsworthy, 
2004a).  
 
On background of repeated observations of crop damage induced by glyphosate in the 
rhizosphere (Rodrigues et al., 1982; Neumann et al., 2006; Tab. 4.1, 4.2, 5.2; Fig 4.3, 4.4, 
5.4) and the known differences in sensitivity of crop species to simulated glyphosate drift 
(Ellis et al., 2003; Roider et al., 2007; Al-Kathib and Peterson, 1999; Ellis and Griffin, 2002; 
Norsworthy, 2004a) the present study was initiated to evaluate the hypothesis of significant 
differences between crop species in their sensitivity to glyphosate in the rhizosphere. For this 
purpose, in a series of hydroponic experiments under controlled environmental conditions 
soybean, maize and winter wheat were compared in their response to a short term root 
exposure of different µM concentrations of glyphosate. During a culture period of 21 days 
visual symptoms of glyphosate toxicity, plant biomass, intracellular shikimate accumulation 
as physiological indicator for glyphosate toxicity and the plant nutritional status were 
determined to detect potential differences between the plant species in sensitivity to 
glyphosate. 
 
7.3 Material and Methods 
Growth conditions 
Hydroponic experiments were performed in a growth chamber under controlled 
environmental conditions with a light/dark regime of 14/10 h at 24/20 °C, light intensity of 
220 μmol m−2 s−1 at canopy height, provided by fluorescent lamps (Osram HQL-R 400, 
Osram, Munich, Germany) and 60% relative humidity.  
 
In all experiments seeds of GS soybean cv. Conquista, GS winter wheat (Triticum aestivum L. 
cv. Isengrain-B) and GS hybrid maize were sterilised for 5 min in 30 % H2O2, soaked for 5 h 
in 10 mM CaSO4 and germinated in upright position for 4 days in an incubator at 24 °C in 
rolls of filter paper (MN 710, Macchery & Nagel, Düren, Germany) soaked with 2.5 mM 
CaSO4. 
Application of glyphosate  
To evaluate toxic effects of root supplied glyphosate six seedlings of winter wheat, soybean 
and maize were transferred to 2.8 L plastic pots (diameter: 18 cm, depth: 16 cm). Different 
concentrations of glyphosate (as Roundup UltraMax®) were supplied to the pots resulting in 
glyphosate concentrations of 0 (control), 5, 10 and 30 µM in the pots. To avoid any 
complexation/inactivation of glyphosate by di- or trivalent cationic mineral nutrients, 
glyphosate was supplied for 24 h only in deionised water within 2.8 L pots. Afterwards plants 
were transferred to new pots (6 plants per pot) containing continuously aerated full nutrient 
solution (2 mM Ca(NO3)2, 0.25 mM KH2PO4, 0.7 mM K2SO4, 0.1 mM KCl, 0.5 mM MgSO4, 
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20 μM Fe-EDTA, 1 μM H3BO3 for wheat and maize and 10 μM H3BO3 for soybean, 0.5 μM 
ZnSO4, 0.5 μM MnSO4, 0.2 μM CuSO4 and 0.01 μM (NH4)6Mo7O24).  
Evaluated parameters 
Parameters of shoot development such as determination of shoot height, developmental speed 
of plants based on BBCH, chlorosis scoring (SPAD-value) and visual scoring of symptoms of 
potential glyphosate- and/or AMPA phytotoxicity were repeatedly conducted throughout the 
growth period of 21 days.  
Additionally 24, 48 and 72 h after transfer to nutrient solution root growth and root 
morphology of soybean, maize and wheat were assessed non-destructively. For this purpose, 
plants were carefully removed from the pots and placed in a transparent waterbath for 
scanning of the root system. Subsequently scanned images of roots were analysed using the 
WinRhizo Pro® (Regent Instruments, Quebec, Canada) digital imaging software. 
 
At day 7 after transfer to aerated nutrient solution, a first set of 3 plants was removed from the 
pots. Roots and shoots were separated and fresh weights of all plant parts were determined. 
Subsequently, shoots and roots were frozen in liquid nitrogen and stored at -20 °C for analysis 
of accumulated shikimate in plant tissue as physiological indicator of glyphosate toxicity. In 
each pot, three plants were kept and further cultivated until final harvest 21 days after transfer. 
At final harvest, fresh and dry weights after oven-drying at 60 oC of all plant parts (roots and 
shoot) were determined. Subsequently dried shoots were grinded for analysis of nutritional 
status of plants. 
Shikimate analysis 
Shikimate in acidic tissue extracts was analysed with modifications of the methods described 
by Singh and Shaner (1998) and Neumann et al. (2006). The frozen plant tissue was 
homogenised with 5 % ortho-phosphoric acid (1 ml 100 mg-1 fresh weight) using mortar and 
pestle. Insoluble material was removed by centrifugation (5 min at 20.000 x g) and the 
supernatant was used for HPLC analysis after appropriate dilution with the HPLC mobile 
phase. HPLC separation was performed by ion exclusion chromatography using an Aminex 
87H column (Bio-Rad, Richmond, CA, USA) designed for organic acid analysis. A sample 
volume of 20 μL was injected into the isocratic flow (0.5 mL min-1) of the eluent (2.5 mM 
H2SO4, 40 °C) and organic acids were detected spectrophotometrically at 210 nm. 
Identification and quantification of shikimate were conducted by comparing the retention 
times, absorption spectra and peak areas with a known standard. 
Analysis of mineral nutrients 
One hundred milligram of dried shoot material was ashed in a muffle furnace at 500 °C for 
5 h. After cooling, the samples were extracted twice with 1 mL of 3.4 M HNO3 and 
evaporated until dryness to precipitate SiO2. The ash was dissolved in 1 mL of 4 M HCl, 
subsequently diluted ten times with hot deionised water, and boiled for 2 min to convert meta- 
and pyro-phosphates to orthophosphate. After addition of 0.1 mL Cs/La buffer to 4.9 mL ash 
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solution, Fe, Mn and Zn concentrations were measured by atomic absorption spectrometry 
(UNICAM 939, Offenbach/Main, Germany). Spectrophotometrical determination of 
orthophosphate was conducted after addition of molybdate-vanadate colour reagent according 
to the method of Gericke and Kurmis (1952). Determination of Mg was conducted by atomic 
absorption spectrometry, while K and Ca were measured by flam photometry. 
Statistics 
Experiments were conducted in a completely randomised block design with three replicates 
per treatment. Analysis of variance and the Tukey test for detection of significant differences 
were performed using the SigmaStat-software (Jandel Scientific, Sausalito, CA, USA). 
 
7.4 Results 
Assessment of symptoms of potential glyphosate damage on shoots of soybean, maize and 
winter wheat showed considerable differences between the plant species in terms of response 
to glyphosate in the rhizosphere. In comparison to control, a visual scoring of potential 
glyphosate toxicity revealed for soybean a slight reduction of plant height (data not shown) 
but no other symptoms such as chlorosis in meristematic tissue of leaves. In contrast to this, in 
maize typical symptoms of glyphosate toxicity described in literature were observed. For 
winter wheat no typical symptoms of glyphosate toxicity such as a bright chlorosis in young 
leaf tissue and no decline in SPAD-value was observed (Tab. 7.1). However, a visual 
assessment of plant damage revealed for wheat expression of stripe chlorosis and in case of 
high levels of glyphosate indications for accumulation of anthocyanin in leaves (data not 
shown). 
 
Corresponding to this, determination of speed of plant development based on the BBCH code 
revealed for maize and wheat a significantly impaired plant development which increased 
with glyphosate concentrations applied during 24 h. By contrast, no significant delay in 
development was detectable for soybean (Fig. 7.1). 
By contrast to shoots, analysis of growth and morphology of roots revealed a similar pattern 
of glyphosate damage in all plant species. Primary effect of glyphosate on root growth and 
morphology was inhibition of elongation of the main root (Fig. 7.2) while formation of lateral 
roots, numbers of root tips and root surface area was considerably less affected (data not 
shown). Plants differed in their root susceptibility to phytotoxic glyphosate with wheat being 
most sensitive while maize roots were most resistant. Soybean roots showed lowest relative 
growth increase particularly in case of medium and high glyphosate levels applied (Tab. 7.2; 
Fig. 7.2).
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Tab. 7.1 SPAD-values of the youngest fully developed leaf of soybean, maize and winter wheat 
plants depending on glyphosate root supply 
Soybean (Glycine max L.), maize (Zea maize L.) and winter wheat (Triticum aestivum L.) plants were 
grown for seven days under hydroponic conditions after of short-term (24 h) root exposure to 0 (control), 5-
, 10-, or 30 µM glyphosate in deionised water. Data represent means and standard deviations of 
3 independent replicates. Significant differences (p<0.05) are indicated with different characters.  
 
SPAD-Value 
treatment soybean maize wheat 
              
Control 26 ±2 A 27 ±4 A 32 ±2 A 
5µM Gly 28 ±1 A 23 ±3 A 30 ±3 A 
10µM Gly 29 ±1 A 18 ±2 B 34 ±8 A 
30µM Gly 27 ±1 A 14 ±2 B 29 ±5 A 
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Fig. 7.1: Speed of development of soybean, maize and winter wheat depending on glyphosate root 
supply 
Assessment of developmental speed (based on BBCH code) were measured on soybean (Glycine max L.), 
maize (Zea maize L.) and winter wheat (Triticum aestivum L.) plants grown for seven days under 
hydroponic conditions after short-term (24 h) root exposure to 0 (control), 5-, 10-, or 30 µM glyphosate 
(Gly) to the nutrient solution. Data represent means and standard deviations of 3 independent replicates. 
Significant differences (p<0.05) are indicated with different characters.  
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Fig. 7.2: Elongation of main roots of soybean, maize and winter wheat plants depending on 
glyphosate root supply 
Soybean (Glycine max L.), maize (Zea maize L.) and winter wheat (Triticum aestivum L.) were cultivated 
under hydroponic conditions for 24, 48 or 72 h after short-term (24 h) root exposure to 0 (control), 5 10, or 
30 µM glyphosate in deionised water. Data represent means and standard deviations of 3 independent 
replicates. Significant differences (p<0.05) are indicated with different characters.  
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Determination of plant biomass at the first harvest after 7 days showed in all plant species 
significantly impaired shoot and root biomass by glyphosate treatments in comparison to 
controls. In all plant species biomass gradually declined with increasing glyphosate 
concentrations applied. However, there were differences in sensitivity to glyphosate between 
plant species, with winter wheat being significantly more susceptible compared to maize and 
particularly to soybean. Increasing glyphosate concentrations induced in soybean a similar 
decline in shoot compared to root biomass, which was however slightly stronger expressed in 
roots. By contrast, in wheat inhibition of shoot biomass was significantly higher compared to 
root biomass inhibition, especially in case of high glyphosate levels (Tab. 7.2).  
 
Tab. 7.2 Shoot and root biomass of soybean, maize and winter wheat plants depending on 
glyphosate root supply 
Soybean (Glycine max L.), maize (Zea maize L.) and winter wheat (Triticum aestivum L.) plants were 
grown for seven days (DAT) under hydroponic conditions after short-term (24 h) root exposure to 0 
(control), 5, 10, or 30 µM glyphosate in deionised water. Data represent means and standard deviations of 3 
independent replicates. Significant differences (p<0.05) are indicated with different characters.  
 
Plant biomass (g FW plant -1) 
          
 Shoot  Root  
  Control 5µM Gly 10µM Gly 30µM Gly Control 5µM Gly 10µM Gly 30µM Gly
                   
7 DAT                
soybean 1.82±0.1A 1.78±0.1A 1.48±0.0B 1.01±0.2C 1.26±0.0A 1.14±0.1A 0.97±0.1B 0.58±0.1C 
% of control   98±6 81±9 56±13   91±12 77±3 46±12 
                 
maize 0.97±0.1A 0.95±0.2A 0.66±0.2B 0.39±0.1C 0.78±0.1A 0.77±0.0A 0.60±0.2AB 0.44±0.1C 
% of control   99±27 70±23 40±11   100±14 79±30 57±12 
                 
wheat 0.38±0.1A 0.29±0.0B 0.13±0.0C 0.07±0.0D 0.34±0.0A 0.29±0.0B 0.16±0.0C 0.11±0.0C 
% of control   77±11 34±4 19±5   85±9 47±13 33±8 
                   
 
In all plant species application of glyphosate induced a gradual increase of shikimate 
concentrations in root tissue. However, increase of shikimate concentrations in root tissue of 
soybean were generally smaller compared to maize and wheat and in comparison to control 
only significantly increased at high levels of glyphosate applied. By contrast, in maize and 
wheat significantly increased concentrations of shikimate were already observed in case of 
low glyphosate application level (5µM) (Fig. 7.3).  
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Fig. 7.3: Accumulation of shikimate in roots of soybean, maize and winter wheat plants 
depending on glyphosate root supply 
Accumulation of shikimate as specific physiological indicator of glyphosate toxicity was measured in root 
tissue of soybean (Glycine max L.), maize (Zea maize L.) and winter wheat (Triticum aestivum L.) plants 
grown for seven days under hydroponic conditions after short-term (24 h) root exposure to 0 (control), 5, 
10, or 30 µM glyphosate in deionised water. Data represent means and standard deviations of 
3 independent replicates. Significant differences (p<0.05) are indicated with different characters.  
 
Determination of shoot and root biomass at final harvest 21 days after short-term glyphosate 
application indicated also differences between plant species in terms of recovery from plant 
damage induced by phytotoxic glyphosate in the rhizosphere. In comparison to the first 
harvest, soybean plants had completely recovered from plant damage induced by low or 
medium levels glyphosate toxicity and showed no significant difference in shoot and root 
biomass compared to control. By contrast, maize and wheat only recovered at low glyphosate 
levels. Similarly to first harvest, soybean showed significantly less impaired shoot and root 
biomass compared to wheat, which showed strongest decline at all glyphosate levels. By 
contrast to first harvest, also maize shoot- and root biomass was significantly lower in 
comparison to soybean even so still significantly larger compared to wheat (Tab. 7.3).  
 
Determination of micro- and macronutrient concentrations (Mn, Zn, Fe, Cu, Ca, K) in shoots 
of soybean, maize and wheat exposed to low or medium levels of glyphosate in the nutrient 
solution revealed generally no significant differences compared to control. However, short-
term cultivation at high levels of glyphosate caused in maize and wheat but not soybean 
significantly lower K (data not shown) and Zn and Mn concentrations (Tab. 7.4) in shoots 
which were however still above the deficiency thresholds. By contrast, in wheat shoot 
concentrations of Fe-, Cu- and Ca were significantly increased in case of short term 
application of 30 µM glyphosate compared to control. Exposure to high levels of glyphosate 
in the nutrient solution induced in all plant species significant decline of shoot contents of all 
nutrients compared to controls due to a strong growth inhibition (data not shown). 
Chapter 7 – Role of crop sensitivity  
 
  
113
Tab. 7.3 Shoot and root biomass of soybean, maize and winter wheat plants depending on 
glyphosate root supply 
Soybean (Glycine max L.), maize (Zea maize L.) and winter wheat (Triticum aestivum L.) plants were 
grown for 21 days (DAT) under hydroponic conditions after short-term (24 h) root exposure to 0 (control), 
5, 10, or 30 µM glyphosate in deionised water. Data represent means and standard deviations of 
3 independent replicates. Significant differences (p<0.05) are indicated with different characters.  
 
Plant biomass (g FW plant -1) 
          
 Shoot Root 
  Control 5µM Gly 10µM Gly 30µM Gly Control 5µM Gly 10µM Gly 30µM Gly
                   
21 DAT                  
soybean 7.41±0.4A 7.33±0.5A 7.05±0.7A 4.84±0.6B 3.24±0.2A 3.33±0.4A 3.52±0.2A 2.22±0.4B 
% of control  99±5 95±7 65±7   104±19 109±10 69±11 
                 
maize 5.11±0.4A 5.42±0.7A 3.34±0.2B 0.77±0.1C 2.27±0.3A 2.48±0.4A 1.81±0.2B 0.42±0.1C 
% of control  107±19 66±7 15±2   110±14 82±19 19±2 
                 
wheat 1.86±0.2A 1.76±0.1A 0.64±0.3B 0.13±0.0C 1.13±0.2A 1.15±0.1A 0.49±0.3B 0.11±0.0C 
% of control  95±14 35±19 7±1   104±23 46±32 9±3 
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Tab. 7.4 Micronutrient concentrations in shoots of soybean, maize and winter wheat plants 
depending on glyphosate root supply 
Concentrations of Manganese (Mn), Zinc (Zn), Iron (Fe) and Cupper (Cu) (µg g DW-1) were measured in 
shoots of soybean (Glycine max L.), maize (Zea maize L.) and winter wheat (Triticum aestivum L.) plants 
were grown for 21 days under hydroponic conditions after short-term (24 h) root exposure to 0 (control), 5, 
10, or 30 µM glyphosate in deionised water. Data represent means and standard deviations of 
3 independent replicates. Significant differences (p<0.05) are indicated with different characters.  
 
Micronutrient concentrations in shoots [µg g DW-1] 
  Mn Zn Fe Cu 
                        
soybean                       
Control 55 ± 8 N.S 34 ± 3 N.S 102 ± 19 N.S 9 ± 0 N.S 
5µM Gly 58 ± 2 N.S 42 ± 11 N.S 66 ± 26 N.S 8 ± 1 N.S 
10µM Gly 61 ± 8 N.S 35 ± 3 N.S 104 ± 35 N.S 8 ± 1 N.S 
30µM Gly 52 ± 7 N.S 33 ± 5 N.S 85 ± 12 N.S 7 ± 1 N.S 
                     
maize                    
Control 83 ± 5 A 83 ± 14 N.S 58 ± 2 N.S 14 ± 1 N.S 
5µM Gly 77 ± 12 A 69 ± 4 N.S 50 ± 7 N.S 13 ± 1 N.S 
10µM Gly 89 ± 10 A 85 ± 15 N.S 57 ± 4 N.S 15 ± 1 N.S 
30µM Gly 46 ± 24 B 71 ± 18 N.S 59 ± 5 N.S 14 ± 2 N.S 
                     
wheat                    
Control 160 ± 11 A 77 ± 7 A 94 ± 3 B 16 ± 0 B 
5µM Gly 146 ± 18 A 75 ± 3 A 91 ± 7 B 16 ± 2 B 
10µM Gly 98 ± 42 AB 61 ± 11 AB 93 ± 5 B 18 ± 2 B 
30µM Gly 55 ± 5 B 48 ± 5 B 209 ± 13 A 41 ± 19 A 
                          
 
 
7.5 Discussion 
Differences in susceptibility of plant species to glyphosate 
Results of the present study demonstrated that plant species differ significantly in their 
susceptibility to glyphosate applied to hydroponic culture. Evaluation of visual symptoms of 
glyphosate toxicity, such as chlorosis in young meristematic tissue of leaves (Tab. 7.1), speed 
of plant development (Fig. 7.1) and plant biomass production (Tab. 7.2, 7.3) suggest a 
different sensitivity in the order soybean<maize<wheat. Similarly, determination of shikimate 
concentrations in roots as physiological indicator of glyphosate toxicity (Fig. 7.3) and 
evaluation of the nutritional status of plants (Tab. 7.4) indicated a higher sensitivity of maize 
and wheat in comparison to soybean.  
From these data it can be concluded that a similar difference of plant species to glyphosate in 
the rhizosphere will occur which have not been reported so far. Also, observed crop damage 
Chapter 7 – Role of crop sensitivity  
 
  
115
after glyphosate drift suggest considerable differences between plant species in their 
sensitivity to glyphosate. In line with the results of the present study, significant damage after 
glyphosate drift have been reported for wheat, maize or rice, while particularly soybean 
appear to be more resistant to glyphosate toxicity after drift exposure (Ellis et al., 2003; 
Roider et al., 2007; Al-Kathib and Peterson, 1999; Ellis and Griffin, 2002; Norsworthy, 
2004a). The exact mechanisms for these differences between plant species in their sensitivity 
to glyphosate are not fully understood. It has also to be shown by future studies whether these 
differences between plant species can be generalised if other cultivars will get considered.  
 
Allister et al. (2005) demonstrated different glyphosate distribution patterns within plants, 
depending on leaf or root exposure to glyphosate. In case of foliar application, 80 % of 
applied glyphosate was translocated to the shoot meristems and young leaves. By contrast, up 
to 75 % of glyphosate mainly remained in the young root tissues when the herbicide was 
supplied to the roots. Altered translocation pathways/ limited translocation of glyphosate have 
been described as mechanism for increased glyphosate resistance in weed plants (Yu et al., 
2009; Wakelin et al., 2004). 
In the present study, soybean showed no typical symptoms of glyphosate toxicity such as 
chlorosis in young meristematic shoot tissue on shoots and only slightly impaired shoot 
growth, while strongly impaired shoot growth was detected in maize and particularly in wheat 
(Tab. 7.1, 7.2; Fig. 7.1). Glyphosate induced in maize significant expression of chlorosis in 
young meristematic tissue (Tab. 7.1), strong delay in developmental speed (Fig. 7.1) and a 
weak ability for recovery in later growth stages (Tab. 7.2, 7.3) which might be related to 
strongly impaired photosynthesis. In wheat, glyphosate-induced damage of plants was not 
associated to typical symptoms of glyphosate toxicity (Tab. 7.1). However, observations of a 
stripe chlorosis and indications for accumulation of anthocyanin in wheat leaves (data not 
shown) also hint to glyphosate-induced impairment of general metabolic processes e.g. 
photosynthesis. 
 However, analysis of root growth and morphology showed that roots of soybean plants were 
similarly damaged in comparison to maize and wheat (Fig. 7.2). These findings suggest that 
differences in mobility of glyphosate in plants e.g. a low translocation from roots to shoots 
might be responsible for differences in sensitivity to glyphosate toxicity. Limited 
translocation of glyphosate from roots to shoots (soybean< maize ~ wheat) might induce a 
lower sensitivity of soybean to glyphosate by limiting disruption of crucial physiological 
processes for plants taking place in the shoots e.g. in chloroplasts.  
 
There is evidence that glyphosate is one of the few herbicides that crosses the plasma 
membrane using an active transport system (Gougler and Geiger, 1981; Morin et al., 1997; 
Tilquin et al., 2000). Therefore, difference in efficiency between plant species in glyphosate 
uptake in roots might contribute to difference in sensitivity to glyphosate. On the one hand, in 
the present study particularly high phytotoxic activity of glyphosate in wheat but also in 
maize might be caused by higher efficiency of glyphosate uptake inducing higher toxicity 
(Tab. 7.2, 7.3; Fig. 7.1). It seems also plausible that active root uptake of glyphosate is self-
limited due to physiological effects of glyphosate toxicity. In this case, lower sensitivity of 
soybean to glyphosate toxicity might be induced by low glyphosate uptake due to fast 
impairment of active glyphosate uptake. Direct or indirect phytotoxic effects of glyphosate on 
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activity of transporter proteins might also impair phloem- and/or xylem loading of glyphosate 
inducing limited translocation from roots to shoots.  
 
Differential sensitivity of plant species to phytotoxic glyphosate in the rhizosphere may also 
be attributed to particularly high ability of soybean for in planta conversion of glyphosate to it 
primary metabolite aminomethylphosphonic acid (AMPA) (Reddy et al., 2004; Nandula et 
al., 2007). It has been suggested, that a plant glyphosate oxidoreductase (GOX) or similar 
type of enzyme catalyses this conversion. Reddy et al. (2008) showed in a comparison of 
plant species, that after foliar application of glyphosate the metabolite AMPA was detectable 
in six of seven leguminous species, but only in one of four non-leguminous species. Therefore 
it is possible, that in the present study the high ability of soybean for conversion of glyphosate 
to AMPA contributed in a low susceptibility to glyphosate toxicity. According to this, maize 
and wheat plants, which most likely lack the ability for internal glyphosate detoxification by 
conversion to AMPA, were affected by glyphosate during a prolonged time span and 
therefore significantly stronger damaged (Tab. 7.2, 7.3). The conversion of glyphosate to 
AMPA might also explain why shikimate concentrations in roots of soybean were 
significantly lower compared to maize and wheat (Fig. 7.3). 
 
Phytotoxic effects of glyphosate in the root zone  
As shown in the present study glyphosate toxicity comprised a delay in developmental speed 
of plants (Fig. 7.2), decline of plant growth (Tab. 7.2, 7.3) and/or impaired elongation of main 
roots and altered root morphology (Fig. 7.3). A delay in developmental speed and effects of 
root growth and morphology suggest that expression and intensity of crop damage induced by 
glyphosate in the rhizosphere is also strongly linked to environmental growth conditions. 
Arguably, biotic and abiotic stress factors, for instance pathogen pressure, allelopathic effects 
of weed plants, cold or drought stress, limited nutrient supply or oxidative stress due high 
light intensity will more strongly affect plants impaired in their shoot and/or root 
development. By contrast, optimal biotic and abiotic growth conditions e.g. nutrient and water 
availability in later growth stages might also facilitated complete recovery of crops from 
glyphosate damage.  
Nutritional status of plants 
Several recent publications have reported a glyphosate-induced impaired plant-nutritional 
status, particularly of cationic mineral nutrients such as Mn, Zn, Fe and Ca (Neumann et al., 
2006; Duke et al., 1983; Eker et al., 2006; Ozturk et al., 2008; Cakmak et al., 2009). 
Glyphosate is a potential chelator for many divalent cations (Sprankle et al., 1975c; 
Subramaniam and Hoggard, 1988). Accordingly, limited acquisition, uptake, translocation 
and intra-cellular utilisation of complexes of mineral nutrients with glyphosate have been 
discussed as putative causes for nutrient limitation. While Eker et al. (2006) reported 
pronounced decline in root uptake and root-to-shoot translocation of radio-labelled Fe, Zn, 
and Mn in GS sunflower, Ozturk et al. (2008) demonstrated a glyphosate-induced inhibition 
of iron reductase activity at the plasma membrane of root cells, limiting the iron acquisition of 
sunflower plants.  
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In the present study, however, damage of wheat, maize and soybean was not related with 
micro- or macronutrient deficiencies (Tab. 7.4). Glyphosate caused a declined K 
concentration in shoots of wheat and maize, while concentrations of Fe and Ca were even 
significantly increased in wheat, which suggests that glyphosate toxicity on plants was the 
major limiting factor for nutrient acquisition rather than competitive interactions of 
glyphosate with certain cationic mineral nutrients.  
In line with this, a significant decline of Zn- and/or Mn concentrations in shoots of wheat and 
maize were only detectable in case of severely impaired shoot and root biomass induced by 
high glyphosate application level.  
7.6 Conclusions 
Plant species differ in their susceptibility to glyphosate in hydroponic culture and presumably 
also in the rhizosphere. These differences in susceptibility most likely increase the potential 
for severe crop damage induced by glyphosate rhizosphere transfer from roots of treated 
weeds to subsequently sown crops or re-mobilisation of glyphosate previously fixed to the 
soil matrix in susceptible crop species like wheat and maize. However, as plants could also 
recover from glyphosate toxicity in the rhizosphere actual expression of crop damage is not 
only depending on the sensitivity of plants but most likely strongly influenced by biotic and 
abiotic growth conditions. 
 
Therefore, for a better understanding of the interactions between glyphosate susceptibility of 
plants and the biotic and abiotic growth conditions and to evaluate the glyphosate sensitivity 
of additional crop species model experiments under hydroponic and soil conditions but also 
field trials are urgently needed. 
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8 Phytotoxicity of glyphosate soil residues re-mobilised by phosphate 
fertilisation  
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8.1 Abstract 
It has been repeatedly demonstrated that phosphate (P) and the herbicide glyphosate compete 
for adsorption sites in soils. Surprisingly, the potential consequences of these interactions for 
plants e.g. re-solubilisation of phytotoxic glyphosate residues in soils by application of P 
fertilisers or by root-induced mechanisms for P mobilization have not been investigated so 
far.   
In model experiments under greenhouse conditions, the potential for glyphosate re-
mobilisation by P-fertiliser application was evaluated by bio-indication with soybean (Glycine 
max L.) cultivated on five contrasting soils with or without glyphosate application at 10-35 
days before sowing. Different levels of P-fertilisation (0, 20, 40, 80, 240 mg P kg-1 soil) were 
supplied at the date of sowing. Visual symptoms of glyphosate toxicity, plant biomass, 
intracellular shikimate accumulation as physiological indicator for glyphosate toxicity and the 
plant nutritional status were determined.  
On glyphosate-treated soils, P application induced significant plant damage. Expression of 
damage symptoms declined in the order Arenosol > Acrisol ≈ Ferralsol > Luvisol subsoil > 
Regosol. On the Arenosol, Ferralsol and Luvisol subsoil plant damage was associated with 
increased shikimate accumulation in the root tissue. On the Acrisol decline of germination 
and plant damage in absence of shikimate accumulation indicate toxicity of AMPA 
(aminomethylphosphonic acid) as the main metabolite of glyphosate in soils. On the Regosol, 
a growth-stimulating effect of glyphosate soil application (hormesis) was detected. The results 
suggest that re-mobilisation of glyphosate may represent an additional transfer pathway for 
glyphosate to non-target plants which is strongly influenced by soil characteristics such as P 
fixation potential, content of plant-available iron, pH, cation exchange capacity, sand content 
and soil organic matter.  
 
Key words: Glyphosate, phosphorus, re-mobilisation, rhizosphere, root growth, 
micronutrients 
Abbreviations: 
a.e. acid equivalent 
AMPA aminomethylphosphonic acid 
cv. cultivar 
DAS days after sowing 
n.d. not determined 
N.S not significant 
SOM soil organic matter 
WHC water holding capacity 
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8.2 Introduction 
Due to low production costs and high efficiency, glyphosate (N-phosphonomethylglycine) is 
the most widely used herbicide on global scale (Baylis, 2000). Glyphosate is a non-selective 
herbicide inhibiting the biosynthesis of aromatic amino acids, thereby causing impairment of 
general metabolic processes, such as protein synthesis, photosynthesis (Geiger et al., 1986) 
and biosynthesis of aromatic compounds. The herbicidal effect is based on inhibition of the 
shikimate pathway enzyme 5-enolpyruvylshikimic acid-3-phosphate synthase (EPSPS) (Franz 
et al., 1997). Therefore, glyphosate application frequently induces intracellular accumulation 
of shikimate, which can be used as a sensitive physiological indicator for glyphosate toxicity 
(Henry et al., 2007).  
While several recent studies highlighted the potential risk of ground and/or surface water 
pollution by leaching of glyphosate (Borggaard and Gimsing, 2008; Candela et al., 2010), 
risks of glyphosate toxicity to non-target plants in soils are generally considered as marginal, 
since glyphosate in the soil solution is prone to rapid microbial degradation (Giesy et al., 
2000) or almost instantaneous inactivation by sorption to the soil matrix (Piccolo et al., 1992; 
Giesy et al., 2000). 
 
Nevertheless, meanwhile an increasing number of reports suggest negative side effects on 
non-target plants, supposed to be related with the intensive use of glyphosate herbicides in 
agriculture. Increased susceptibility of crop plants to soil borne pathogens after glyphosate 
application has been reported frequently (Smiley et al., 1992; Fernandez et al., 2009; Johal 
and Huber, 2009; Kremer and Means, 2009). A number of recent studies suggest a risk of 
glyphosate toxicity to non-target plants due to transient stabilization of the herbicide in root 
residues of treated weeds, with a subsequent rhizosphere transfer to non-target plants via 
contact contamination (Neumann et al., 2006; Neumann et al., 2008; Laitinen et al. 2008; 
Tesfamariam et al., 2009, Doublet et al., 2009). Field observations in Brazil and the US report 
that frequent applications of glyphosate may directly or indirectly induce iron (Fe), zinc (Zn), 
and manganese (Mn) deficiencies in glyphosate-resistant (GR) as well as non-GR plants 
(Gordon , 2007; Zobiole et al., 2010a).  
 
Glyphosate adsorption in soils seems to be mediated by ligand exchange via the phosphonate 
group of the molecule in a way similar to the adsorption of phosphate (Hance, 1976; Dion et 
al., 2001; Gimsing and Borggaard, 2002a, 2002b). Accordingly, it has been repeatedly 
demonstrated that phosphate and glyphosate compete for adsorption sites (Borggaard and 
Gimsing, 2008; Vereecken, 2005 and references cited therein). Depending on the soil 
conditions, phosphate concentration is the most important factor determining the amount of 
glyphosate adsorbed, and in some cases even complete desorption of glyphosate fixed to the 
soil matrix by phosphate applications has been reported (Borggaard and Gimsing, 2008 and 
references cited therein, Vereecken, 2005 and references cited therein). Thus, phosphate most 
likely plays an important role in determining the bioavailability of glyphosate in soils 
(Cornish, 1992; Laitinen et al., 2008).  
 
While numerous studies have been conducted to investigate the adsorption characteristics and 
interactions between glyphosate and phosphate in soils, surprisingly, potential consequences 
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of these interactions for plants e.g. re-solubilisation of phytotoxic glyphosate residues in soils 
by application of P fertilisers or by root-induced mechanisms for P mobilization have not 
been investigated so far.  
 
Therefore, this study was initiated to test the hypothesis that P fertilisation can increase the 
bioavailability of glyphosate residues in soils associated with the risk of phytotoxic effects to 
non-target plants. In a series of model experiments under greenhouse conditions, the potential 
for glyphosate re-mobilisation was evaluated by bio-indication with soybean (Glycine max L.) 
cultivated on five contrasting soils with or without glyphosate pre-incubation for 10-35 days. 
Thereafter, 3-5 levels of P-fertilisation were supplied at the sowing date of the indicator 
plants. After a culture period of 3 weeks, root and shoot biomass, intracellular accumulation 
of shikimate as physiological indicator for glyphosate toxicity and the plant nutritional status 
were determined to assess the potential risk of phytotoxic effects by glyphosate desorption 
mediated by application of P fertilisers. 
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8.3 Material and Methods 
Soil properties 
 
The characteristics of the used soils are summarized in table 8.1 (Tab. 8.1). 
 
Tab. 8.1 Soil characteristics  
Properties and nutritional status of soils investigated in the present study. Phosphorus (P) and potassium 
(K) were determined after Calcium acetate lactate (CAL) extraction, magnesium (Mg) after Calcium 
chloride extraction and iron (Fe), manganese (Mn), zinc (Zn), copper (Cu) and boron (B) after Calcium 
chloride-diethylenetriamine pentaacetic acid (CAT) extraction (VDLUFA, 2004). 
 
soil properties 
            
  Arenosol Acrisol Ferralsol Luvisol Regosol 
            
pH (CaCl2) 4.5 5.0 5.0 7.4 7.1 
            
clay [%] <5  42 14 12 40 
silt [%] <5 40 9 45 47 
sand [%] 94 18 78 43 13 
Corg [%] 0.2 n.d. 0.2 <0.3 3.8 
            
CAL-extractable macronutrients [mg kg-1 soil]  
P 3 10 <2 5 550 
K 70 19 74.0 52 440 
            
CaCl2-extractable macronutrients [mg kg-1 soil] 
Mg 100 180 180 250 250 
            
CAT-extractable micronutrient concentrations [mg kg−1 soil] 
Fe 369 115 99 7.8 35 
Mn 7.4 71 20 15 7.6 
Zn 0.8 0.6 1.7 0.6 5.2 
Cu 0.5 0.6 4.1 0.7 1.5 
B 0.9 0.13 0.61 0.2 0.54 
            
 
 
Soil fertilisation 
In all experiments soils were sieved through 2 mm mesh size and fertilized with 100 mg N 
kg−1 soil as Ca(NO3)2, 50 mg K kg−1 soil as K2SO4 and 50 mg Mg kg−1 soil as MgSO4. For 
this purpose, the chemical fertilizers was dispersed in an adequate amount of deionized water 
and sprayed on the soils under continuous mixing to ensure homogenous distribution. 
Subsequently the soils were sieved a second time (2 mm mesh size) and homogenized by 
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thorough mechanical mixing. Previous measurements revealed no changes in soil pH after 
identical fertilizer application to soils. 
 
Glyphosate soil application 
Recommended field application rates of commercial glyphosate formulations (applied as 
Roundup UltraMax®) range from 2-4 L ha-1 resulting in an application rate of glyphosate as 
acid equivalent (a.e.) in the range of 720-1440 g ha-1. 
Although a risk of glyphosate leaching from soils has been reported under certain conditions 
such as heavy rainfall shortly after application (Vereecken, 2005 and references cited therein), 
due to rapid soil adsorption, most of the applied glyphosate will remain in the uppermost soil 
layers (2-5 cm).This holds particularly true for minimal- or no tillage systems (Alletto et al., 
2010). Thus, a recommended field application rate of 2-4 L ha-1 glyphosate in Roundup 
UltraMax®-formulation (isopropylamine salt; 360 g a.e. L-1) translates into glyphosate 
concentrations of 2.4 – 4.8 mg a.e. kg-1 top-soil. Based on this calculation, in the present study 
a glyphosate amount of 3.2 mg a.e. kg-1 soil was mixed with the different soils together with 
the N, K and Mg fertiliser solutions. 
Subsequently approx. 800 g of glyphosate treated soil was filled into pots (volume: 950 cm3). 
Soil moisture was adjusted to 70 % water-holding capacity (WHC) and the pots were 
incubated at room temperature for a time period of 10-35 days. In control treatments 
deionized water was applied instead of glyphosate-solution.  
 
Phosphate fertilisation and plant culture 
After an incubation time of 10-35 days, P-fertilisation of soils was performed at rates of 0, 20, 
40, 80 or 240mg P kg soil-1 as Ca(H2PO4)2 by applying the fertiliser solution from top to the 
soil in the plastic pots. Subsequently, six soybean seeds (cv. BR-16 Conquista) were sown 
into each pot. 
Plant culture was conducted under greenhouse conditions with an average day/night 
temperature of 22–24/14-16ºC. Water loss was determined gravimetrically and replaced by 
daily applications of de-ionized water.  
 
Analysis of plant growth 
Germination rate, deformation of primary- and trifoliate leaves, leaf surface area, shoot height 
and expression of chlorosis (SPAD-value) were recorded throughout the culture period. 
At 10 days after sowing (DAS) (growth stage VC), a first set of 2 - 4 soybean seedlings was 
removed from the pots. Roots and shoots were separated, frozen in liquid nitrogen and stored 
at -20°C for shikimate analysis. In each pot, two seedlings were further cultivated until final 
harvest at 25 DAS (growth stage V2). At final harvest, fresh weights of all plant parts (roots 
and shoot) were recorded and dry weights of roots and shoots were determined after oven-
drying at 60°C. 
 
Analysis of mineral nutrients 
One hundred milligrams of dried shoot material was ashed for 5 h in a muffle furnace at 
500°C. After cooling, the samples were extracted twice with 1 mL of 3.4 M HNO3 and 
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evaporated until dryness to precipitate SiO2. The ash was dissolved in 1 mL of 4 M HCl, 
subsequently diluted ten times with hot deionized water, and boiled for 2 min to convert meta- 
and pyro-phosphates to orthophosphate. After addition of 0.1 mL Cs/La buffer to 4.9 mL ash 
solution, Fe, Mn and Zn concentrations were measured by atomic absorption spectrometry 
(UNICAM 939, Offenbach/Main, Germany). Spectrophotometrical determination of 
orthophosphate was conducted after addition of molybdate-vanadate color reagent according 
to the method of Gericke and Kurmies (1952). Determination of Mg was conducted by atomic 
absorption spectrometry, while K and Ca were measured by flame emission photometry . 
 
Shikimate analysis 
Shikimate in root tissue was analysed with modifications of the methods described by Singh 
and Shaner (1998) and Neumann (2006). The frozen plant tissue was homogenised with 5% 
ortho-phosphoric acid (1 ml 100 mg-1 fresh weight) using mortar and pestle. Insoluble 
material was removed by centrifugation (5 min at 20.000 x g) and the supernatant was used 
for HPLC analysis after appropriate dilution with the HPLC mobile phase. HPLC separation 
was performed by ion exclusion chromatography using an Aminex 87H column (Bio-Rad, 
Richmond, CA, USA) designed for organic acid analysis. A sample volume of 20 μL was 
injected into the isocratic flow (0.5 mL min-1) of the eluent (2.5 mM H2SO4, 40°C) and 
organic acids were detected spectrophotometrically at 210nm. Identification and 
quantification of shikimate was conducted by comparing the retention times, absorption 
spectra and peak areas with a known standard. 
 
Statistics 
All experiments were conducted in a randomized block design with four replicates for each 
treatment. Analysis of variance and the Tukey test for detection of significant differences 
were performed using the SigmaStat-software (Jandel Scientific, Sausalito, CA, USA).  
 
8.4 Results 
Impact of P fertilisation and glyphosate soil application on plant growth and development 
In soils without P fertilisation, glyphosate soil application was not associated with any 
damage of soybean plants (Tab. 8.3-8.7). However, on glyphosate-treated soils, plant damage 
increased with increasing levels of P fertilisation and was differentially expressed on the 
different soils (Tab. 8.2, Tab. 8.3). General symptoms of plant damage comprised delayed 
seedling development, deformations of primary leaves, stunted root growth (evaluation 
conducted 6 days after germination; growth stage VC), reduced plant height, delayed 
senescence of cotyledons (evaluation conducted 18 days after germination; growth stage 
V1/V2) and reduced shoot and root biomass (Tab. 8.2, Tab. 8.3, Fig. 8.1). In general, the 
expression intensity of damage symptoms declined in the order Arenosol (ARE) > Acrisol 
(ACR) ≈ Ferralsol (FER) > Luvisol subsoil (LUV) > Regosol (REG; no damage symptoms). 
On REG, glyphosate soil application even increased shoot biomass production by 27 % in the 
variants with P fertilisation rates of 0 and 80 mg P kg-1 soil (Tab. 8.2). 
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On ARE, plant damage was associated with anthocyanin formation in the hypocotyls (Fig. 
8.1). On all investigated soils, no chlorosis symptoms were detectable on 1st trifoliate leaves 
of soybean seedlings during a culture period of 18 days (Tab. 8.2).  
 
Germination of soybean generally ranged between 83 and 100 %. However on ACR, P 
fertilisation of glyphosate-treated soil with 80 and 240 mg P kg-1 soil significantly reduced the 
germination rate by approximately 40 % (Tab. 8.4). 
Analysis of shikimate accumulation in the root tissue of soybean seedlings as physiological 
indicator for glyphosate toxicity revealed no effects on gyphosate treated soils without 
additional P fertilisation. However, increasing levels of P application significantly increased 
shikimate accumulation on ARE and to smaller extent also on FER. A similar trend was 
detectable on LUV. On ARE, a significant increase in shikimate accumulation was inducible 
already by the lowest level of P fertilisation of 20 mg P kg-1 soil. On ACR and REG, P 
fertilisation of glyphosate-treated soils did not increase shikimate accumulation in the root 
tissue of soybean seedlings (Tab. 8.5).     
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Tab. 8.2 Scoring of symptoms of plant damage in soybean grown on five contrasting soils depending on glyphosate soil incubation and P fertilisation 
Glyphosate-induced symptoms of plant damage in soybean (cv. Conquista) grown on five contrasting soils with or without soil incubation with glyphosate 10-35 days 
before sowing. P-fertilisation of soils (40-240mg P kg soil-1) was performed at the sowing date. Scoring of seedling-, primary leaf- and root development was conducted 
6 days after germination. Determination of shoot height, chlorosis scoring on first fully developed trifoliar leaves and evaluation of senescence of cotyledons was 
conducted 18 days after germination. Additionally, leaf surface area was estimated in the Arenosol 18 days after germination but not determined on the other soils (n.d.). 
Data represent means and standard deviations of 4 independent replicates. Significant differences (p<0.05) are indicated with different characters according to the Tukey 
test (N.S = not significant).  
Scoring of symptoms of plant damage 
            
 Arenosol, pH 4.8  Acrisol, pH 5.0 Ferralsol, pH 5.0 Luvisol, pH 7.6 Regosol, pH 7.1 
  40mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 
            
treatment delayed seedling development [% plants pot-1] 
- Gly 19 ±14 BC 10 ±11 C 18 ±23 BC 5 ±10 B 4 ±8 B 14 ±10 B 13 ±16 B 17 ±14 B 19 ±14 B 13 ±9 N.S 13 ±9 N.S 
+ Gly 46 ±16 B 100 ±0 A 100 ±0 A 100 ±0 A 88 ±14 A 14 ±10 B 95 ±10 A 41 ±7 B 46 ±20 A 9 ±11 N.S 8 ±10 N.S 
 
treatment 
 
morphological disorder of primary leaves 
- Gly - - - - - - - - - - - 
+ Gly ++ ++ ++ - - - ++ + + - - 
 
treatment 
 
impaired root growth 
- Gly - - - - - - - - - - - 
+ Gly + ++ ++ + ++ + ++ + + - - 
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Tab. 8.2 (continued) 
Scoring of symptoms of plant damage (continued) 
            
 Arenosol, pH 4.8  Acrisol, pH 5.0 Ferralsol, pH 5.0 Luvisol, pH 7.6 Regosol, pH 7.1 
  40mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 80mg P kg-1 240mg P kg-1 
            
treatment accumulation of anthocyanin in stems 
- Gly - - - - - - - - - - - 
+ Gly ++ ++ ++ - - - - - - - - 
 
treatment 
 
shoot height [cm] 
- Gly 18 ±1 A 17 ±1 A 17 ±1 A 22 ±3 A 23 ±3 A 26 ±2 A 25 ±3 A 24 ±2 A 25 ±3 A 26 ±2 A 28 ±3 A 
+ Gly 13 ±1 BC 10 ±2 CD 6 ±2 D 16 ±2 B 13 ±3 B 26 ±3 A 14 ±2 B 18 ±2 B 19 ±2 B 30 ±2 B 28 ±2 B 
 
treatment 
 
senescence of cotyledons 
- Gly + + + + + + + + + + + 
+ Gly - - - - - - - - - + + 
 
treatment 
 
chlorosis scoring [SPAD] 
- Gly 28 ±1 BC 28 ±1 BC 25 ±2 BC 35 ±0 N.S 35 ±1 N.S 34 ±2 N.S 33±2 N.S 31 ±2 N.S 31 ±2 N.S 29 ±2 N.S 28 ±2 N.S 
+ Gly 30 ±1 B 33 ±3 AB 34 ±2 A 34 ±1 N.S 35 ±1 N.S 34 ±1 N.S 36 ±1 N.S 30 ±1 N.S 30 ±1 N.S 28 ±2 N.S 28 ±2 N.S 
 
treatment 
 
Leaf surface area [cm2] 
- Gly 50 ±2 A 46 ±3 A 36 ±3 B n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
+ Gly 27 ±3 C 16 ±3 D 4 ±1 E n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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Tab. 8.3 Plant growth of soybean grown on five contrasting soils depending on glyphosate soil 
incubation and P fertilisation 
Shoot and root dry weight and the root/shoot ratio of soybean (cv. Conquista) cultivated for 25 days on five 
contrasting soils with or without pre-incubation of soils with glyphosate at different P-fertilisation levels. P-
fertilisation of soils was conducted at time of seeding. Data represent means of 4 independent replicates. 
Standard deviations (e.g. 0.0) are not shown. Significant differences (p<0.05) are indicated with different 
characters according to the Tukey test.  
Plant growth 
             
 shoot dry weight [g] root dry weight [g] root/shoot ratio 
soil type, incubation time 
[days]   - Gly   + Gly - Gly + Gly - Gly     + Gly 
             
Arenosol, 10 days             
0mg P kg-1 0.42 ABC 0.44 AB 0.19 ABC 0.16 BCD 0.47 AB 0.38 ABC 
20mg P kg-1 0.46 AB 0.34 BC 0.25 AB 0.15 CD 0.55 A 0.37 ABC 
40mg P kg-1 0.51 A 0.40 ABC 0.27 A 0.14 CD 0.47 A 0.32 ABC 
80mg P kg-1 0.50 A 0.31 C 0.20 ABC 0.09 DE 0.40 ABC 0.30 BC 
240mg P kg-1 0.42 AB 0.18 D 0.19 ABC 0.04 E 0.46 AB 0.23 C 
             
Arenosol, 35 days         
0mg P kg-1 0.34 CD 0.31 D 0.17 AB 0.12 C 0.50 A 0.36 BC 
40mg P kg-1 0.39 AB 0.25 E 0.19 AB 0.07 D 0.49 A 0.27 CD 
80mg P kg-1 0.43 A 0.18 F 0.19 A 0.03 E 0.45 AB 0.17 D 
240mg P kg-1 0.36 BC 0.13 G 0.16 B 0.02 E 0.42 AB 0.20 D 
                       
  
Acrisol, 10 days             
0mg P kg-1 0.68 A 0.66 A 0.22 A 0.21 A 0.32 A 0.32 AB 
80mg P kg-1 0.71 A 0.54 A 0.22 A 0.15 BC 0.31 AB 0.28 AB 
240mg P kg-1 0.70 A 0.29 B 0.18 AB 0.09 C 0.24 B 0.27 AB 
        
 
Ferralsol, 10 days         
0mg P kg-1 0.42 B 0.43 B 0.18 BC 0.17 BC 0.44 A 0.38 AB 
80mg P kg-1 1.01 A 0.95 A 0.29 A 0.22 BC 0.28 CD 0.24 D 
240mg P kg-1 0.96 A 0.40 B 0.25 AB 0.12 D 0.26 D 0.35 BC 
         
Luvisol, 10 days         
0mg P kg-1 0.54 B 0.53 B 0.25 B 0.20 BC 0.49 A 0.41 AB 
80mg P kg-1 0.83 A 0.58 B 0.30 A 0.18 C 0.39 B 0.34 C 
240mg P kg-1 0.85 A 0.58 B 0.30 A 0.18 C 0.38 B 0.34 C 
         
Regosol, 10 days         
0mg P kg-1 0.76 C 0.97 B 0.25 N.S.  0.25 N.S 0.34 A 0.28 B 
80mg P kg-1 0.84 C 1.07 A 0.25 N.S.  0.27 N.S 0.31 AB 0.27 B 
240mg P kg-1 0.95 B 0.95 B 0.26 N.S.  0.24 N.S 0.29 AB 0.27 B 
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Fig. 8.1: Visual symptoms of soybean depending on glyphosate soil incubation, induced by P fertilisation 
Glyphosate-induced delayed seedling development (A), Deformations of primary leaves (B), increased formation of anthocyanin in the hypocotyls (C), impaired root 
development (D), delayed senescence of cotyledons (E) and deformation of trifoliate leaves (F) in comparison with undamaged control plants. Soybean plants (cv. 
Conquista) were cultivated on an acidic sandy Arenosol with or without soil incubation with glyphosate 35 days before sowing with a P-fertilisation of 80mg P kg soil-1.  
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Tab. 8.4 Germination of soybean grown on five contrasting soils depending on glyphosate soil incubation and P fertilisation 
Germination of soybean (cv. Conquista) grown on five contrasting soils with or without soil incubation with glyphosate 10-35 days before seeding. P-fertilisation of soils 
(20-240mg P kg soil-1) was performed at date of seeding while evaluation of germination conducted 4 days after germination of first seedlings. Data represent means and 
standard deviations of 4 independent replicates. Significant differences (p<0.05) are indicated with different characters according to the Tukey test (N.S = not 
significant).  
 
Germination [% of seeds pot-1] 
           
 Arenosol [10-35 days] Acrisol [10 days] Ferralsol [10 days] Luvisol [10 days] Regosol [10 days] 
P fertilisation - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
[mg P kg soil-1]           
0 88±16 N.S 92±10 N.S 92±10 A 88±8 A 92±10 N.S 92±10 N.S 92±17 N.S 88±8 N.S 96±8 N.S 100±0 N.S 
20 92±10 N.S 96±8 N.S - - - - - - - - 
40 92±10 N.S 96±8 N.S - - - - - - - - 
80 96±8 N.S 92±10 N.S 92±10 A 50±14 B 83±14 N.S 88±16 N.S 100±0 N.S 92±10 N.S 96±8 N.S 83±14 N.S 
240 92±10 N.S 92±10 N.S 88±8 A 42±10 B 88±8 N.S 92±10 N.S 88±16 N.S 88±16 N.S 92±10 N.S 88±16 N.S 
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Tab. 8.5 Accumulation of shikimate in root tissue of soybean grown on five contrasting soils 
depending on glyphosate soil incubation and P fertilisation 
Accumulation of shikimate as indicator for glyphosate toxicity in root tissue of soybean (cv. Conquista) 
cultivated for 7 days on five contrasting soils with or without pre-incubation of soils with glyphosate at 
different P-fertilisation levels. P-fertilisation of soils was conducted at time of seeding. Data represent 
means and standard deviations of 4 independent replicates. Significant differences (p<0.05) are indicated 
with different characters according to the Tukey test (N.S = not significant).  
 
Accumulation of shikimate in root tissue 
     
 shikimate concentration in roots [µg g FW
-1] 
soil type, incubation time [days] - Gly + Gly 
     
Arenosol, 10 days     
0mg P kg-1 7.4 ±2 D 4.6 ±3 D 
20mg P kg-1 7.6 ±2 D 17.5 ±4 C 
40mg P kg-1 8.1 ±4 D 538.0 ±145 B 
80mg P kg-1 8.7 ±2 D 579.3 ±165 B 
240mg P kg-1 12.2 ±8 CD 1994.6 ±497 A 
 
Arenosol, 35 days     
0mg P kg-1 6.3 ±2 D 91.4 ±10 C 
40mg P kg-1 8.0 ±4 D 1043.0 ±278 B 
80mg P kg-1 7.7 ±3 D 1299.1 ±144 B 
240mg P kg-1 19.3 ±13 D 3813.0 ±713 A 
 
Acrisol, 10 days      
0mg P kg-1 6.2 ±1 N.S 7.4 ±2 N.S 
80mg P kg-1 7.7 ±2 N.S 9.5 ±9 N.S 
240mg P kg-1 8.9 ±2 N.S 8.7 ±1 N.S 
 
Ferralsol, 10 days      
0mg P kg-1 10.5 ±3 B 11.6 ±6 B 
80mg P kg-1 18.5 ±6 B 10.4 ±3 B 
240mg P kg-1 11.9 ±7 B 152.5 ±112 A 
 
Luvisol, 10 days      
0mg P kg-1 10.6 ±3 N.S 11.3 ±3 N.S 
80mg P kg-1 12.5 ±5 N.S 57.2 ±45 N.S 
240mg P kg-1 15.1 ±6 N.S 59.8 ±60 N.S 
 
Regosol, 10 days      
0mg P kg-1 10.2 ±6 N.S 9.6 ±3 N.S 
80mg P kg-1 11.4 ±4 N.S 8.8 ±2 N.S 
240mg P kg-1 10.1 ±3 N.S 10.3 ±3 N.S 
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Plant nutritional status 
Macronutrients 
On all investigated soils, biomass production of soybean plants responded to P fertilisation 
and with exception of REG, optimum responses were achieved at P application levels of 80 
mg P kg-1 soil. On REG, shoot biomass production continuously increased up to a P 
fertilisation level of 240 mg kg-1 soil. On all soils without P fertilisation, shoot P 
concentrations were in the critical range (ARE) or below the P deficiency threshold. This was 
associated with an increase of the root/shoot biomass ratio as a typical response to P 
limitation. Total shoot P content was significantly affected by glyphosate applications on 
ARE, ACR and FER particularly at higher levels of P fertilisation (Tab. 8.6). Calcium, Mg 
and K supply to the plants was sufficient for all treatments with the exception of LUV which 
was characterised by a critical K status (Tab. 8.7). 
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Tab. 8.6 Phosphorus status of soybean plants grown on five contrasting soils depending on 
glyphosate soil incubation and P fertilisation 
Phosphorus concentrations and contents in shoots of soybean (cv. Conquista) cultivated for 25 days on five 
contrasting soils with or without pre-incubation of soils with glyphosate at different P-fertilisation levels. P-
fertilisation of soils was conducted at time of seeding. Data represent means of 4 independent replicates. 
Standard deviations (e.g. 0.0) are not shown. Significant differences (p<0.05) are indicated with 
different characters according to the Tukey test (N.S = not significant). 
 
Phosphorus status of plants 
   
  P concentration [mg g DM-1] P contents [mg pot-1] 
Soil type/ P fertilisation - Gly + Gly - Gly + Gly
        
Arenosol (pH 4.8)      
0mg P kg-1 2.3 E 2.4 E 0.8 D 0.7 D 
40mg P kg-1 3.2 D 4.9 C 1.3 C 1.2 C 
80mg P kg-1 4.9 C 5.5 C 2.1 B 1.0 CD 
240mg P kg-1 7.6 B 9.6 A 2.8 A 1.2 C 
 
Acrisol (pH 5.0)      
0mg P kg-1 1.5 C 1.7 C 1.0 B 1.1 B 
80mg P kg-1 2.0 BC 2.3 B 1.4 B 1.3 B 
240mg P kg-1 4.3 A 3.9 A 2.9 A 1.1 B 
 
Ferralsol (pH 5.0)      
0mg P kg-1 0.7 C 0.7 C 0.3 C 0.3 C 
80mg P kg-1 2.3 B 2.3 B 2.6 B 2.3 B 
240mg P kg-1 5.9 A 6.6 A 6.4 A 2.9 B 
 
Luvisol (pH 7.4)      
0mg P kg-1 0.9 D 0.6 D 0.5 B 0.3 B 
80mg P kg-1 1.8 C 1.8 C 1.5 B 1.1 B 
240mg P kg-1 4.8 B 6.5 A 4.0 A 3.9 A 
 
Regosol (pH 7.1)      
0mg P kg-1 1.4 E 1.6 DE 1.0 C 1.6 C 
80mg P kg-1 1.8 CD 2.0 C 1.5 BC 2.2 B 
240mg P kg-1 3.2 B 3.6 A 3.0 A 3.4 A 
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Micronutrients 
The Mn nutritional status was generally above the deficiency threshold in all treatments. 
Particularly low Mn concentrations of around 20 mg kg-1 DM were observed on REG, while 
high levels between 200-500 mg kg-1 DM were detected on FER. Manganese shoot 
concentrations declined in response to glyphosate applications on ARE and ACR. The Zn 
status was sufficient for ARE and FER. Critical levels were detected for ACR and REG and 
Zn deficiency on LUV. However, there was no clear relationship between glyphosate 
application and Zn status of the plants. Iron was sufficient for all treatments but critical levels 
were detected on the glyphosate-treated LUV (Tab. 8.7). 
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Tab. 8.7 Nutrient concentrations in shoots of soybean grown on five contrasting soils depending on glyphosate soil incubation and P fertilisation 
Nutrient concentrations in shoots of soybean (cv. Conquista) cultivated for 25 days on five contrasting soils with or without pre-incubation of soils with glyphosate at 
different P-fertilisation levels. P-fertilisation of soils was conducted at time of seeding. Data represent means and standard deviations of 4 independent replicates. 
Significant differences (p<0.05) are indicated with different characters according to the Tukey test (N.S = not significant).  
 
Nutrient concentrations in shoots of plants 
                               
 
Mn-concentration Zn concentration Fe concentration Ca concentrations Mg concentrations K concentrations 
[µg g DM-1] [µg g DM-1] [µg g DM-1] [mg g DM-1] [mg g DM-1] [mg g DM-1] 
Soil type - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
P fertilisation                        
 
Arenosol (pH 4.8)                        
0mg P kg soil-1 108±10 BC 149±9 A 74±6 A 72±2 AB 144±48 A 125±46 AB 12±1 B 11±0 BC 6.1±0 AB 6.1±0 AB 34±1 BC 32±1 C 
40mg P kg soil-1 125±15 AB 105±18 BC 73±5 A 63±5 BC 104±24 AB 95±32 AB 15±1 A 11±1 BC 6.3±0 A 5.2±1 BC 36±1 AB 36±2 AB 
80mg P kg soil-1 125±5 AB 84±21 C 70±4 AB 57±9 C 102±28 AB 74±6 B 15±0 A 9±1 CD 5.5±0 ABC 4.7±1 C 38±2 A 37±1 AB 
240mg P kg soil-1 95±7 C 39±5 D 73±5 AB 58±10 BC 74±6 B 65±6 B 16±0 A 9±1 D 5.0±1 C 3.4±0 D 38±1 A 38±3 A 
 
Acrisol (pH 5.0)                        
0 mg P kg soil-1 62±2 AB 67±6 AB 25±2 ABC 32±6 A 96±38 N.S 113±9 N.S 17±1 B 18±1 B 6.0±0 AB 5.9±0 AB 25±2 C 27±3 BC 
80mg P kg soil-1 66±2 AB 70±9 AB 24±3 ABC 20±4 BC 107±17 N.S 106±5 N.S 19±1 B 18±1 B 6.0±0 AB 6.2±0 AB 28±1 BC 30±1 AB 
240mg P kg soil-1 74±3 A 59±7 B 27±4 AB 18±1 C 125±13 N.S 118±10 N.S 21±1 A 18±1 B 6.4±0 A 5.7±0 B 34±3 A 34±3 A 
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Tab. 8.7 (continued) 
Nutrient concentrations in shoots of soybean (continued) 
                               
 
Mn-
concentration Zn concentration Fe concentration Ca concentrations Mg concentrations K concentrations 
[µg g DM-1] [µg g DM-1] [µg g DM-1] [mg g DM-1] [mg g DM-1] [mg g DM-1] 
Soil type - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly - Gly + Gly 
P fertilisation                        
 
Ferralsol (pH 5.0)                        
0mg P kg soil-1 193±31 B 283±79 B 64±5 AB 68±8 A 148±48 AB 167±37 A 13±1 AB 14±1 AB 5.1±0 N.S 5.0±0 N.S 19±1 C 22±4 C 
80mg P kg soil-1 178±58 B 225±80 B 54±5 BC 57±8 ABC 92±16 B 99±17 AB 12±1 B 13±1 AB 4.9±0 N.S 5.3±0 N.S 30±2 B 31±3 B 
240mg P kg soil-1 223±46 B 531±49 A 52±3 C 68±3 A 82±12 B 109±25 AB 12±1 B 15±1 A 4.8±0 N.S 4.8±0 N.S 31±1 B 39±1 A 
 
Luvisol (pH 7.4)                        
0mg P kg soil-1 107±10 B 110±22 B 15±0 A 13±3 AB 60±6 BC 57±12 ABC 17±1 B 17±2 B 6.4±0 C 6.4±1 C 14±1 A 10±2 B 
80mg P kg soil-1 100±9 B 116±23 B 11±1 BC 9±2 BC 66±3 A 53±7 BC 18±1 B 20±4 AB 7.6±0 BC 8.2±1 B 13±1 AB 9±2 B 
240mg P kg soil-1 105±23 B 169±24 A 11±1 BC 9±1 C 64±4 AB 53±4 C 18±1 B 23±1 A 8.2±0 B 10.0±0 A 13±1 AB 10±3 AB 
 
Regosol (pH 7.1)                        
0mg P kg soil-1 21±1 C 25±1 A 18±1 AB 20±1 A 120±42.2 A 76±5 AB 18±0 D 21±0 BC 5.0±0 D 5.3±0 CD 22±1 B 23±0 AB 
80mg P kg soil-1 22±2 BC 23±1 AB 19±0 AB 19±1 AB 85±6.7 AB 71±6 B 19±0 CD 22±1 AB 5.6±0 BC 5.9±0 AB 24±1 AB 26±2 A 
240mg P kg soil-1 23±2ABC 25±0 A 16±2 B 17±1 B 82±3.8 AB 81±6 AB 19±0 CD 23±1 A 5.8±0 AB 6.0±0 A 25±1 A 26±1 A 
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8.5 Discussion 
Phytotoxic effects by re-mobilisation of glyphosate residues in soils   
No phytotoxic effects were detectable in response to glyphosate soil incorporation on all 
investigated soils without P fertilisation (Tab. 8.2, Tab. 8.3, Tab. 8.4). These results support 
the concept of rapid inactivation and detoxification of glyphosate in soils by adsorption to 
phosphate binding sites, such as Fe/Al-oxides and hydroxides, precipitation as calcium salts, 
and rapid microbial degradation of free glyphosate in the soil solution (Sprankle et al., 
1975a,b; Giesy et al., 2000).  
In contrast, with the exception of REG, application of P-fertiliser significantly impaired 
seedling growth and development on soils pre-incubated with glyphosate (Tab. 8.2, Tab. 8.3, 
Fig. 8.1). With the exception of ACR, expression of plant damage was associated with 
increased accumulation of shikimate in the root tissue as a physiological indicator of 
glyphosate phytotoxicity (Tab. 8.2, Tab. 8.3, Tab. 8.5). Damage and stress symptoms 
comprised stunted root and shoot growth, leaf deformation, anthocyanin formation (also 
reported by Jursík et al., 2010) and delayed senescence of cotyledons. Interstingly, no 
chlorosis was detectable in young leaves, which is usually one of the first toxicity symptoms 
after foliar glyphosate spray applications. However, Allister et al. (2005) demonstrated 
different glyphosate distribution patterns within plants, depending on leaf or root exposure to 
glyphosate. In case of foliar application, 80% of applied glyphosate was translocated to the 
shoot meristems and young leaves. By contrast, up to 75% of glyphosate remained mainly in 
the young root tissues when the herbicide was supplied to the roots. This may also imply a 
different expression of plant damage symptoms. While foliar glyphosate application leads to 
direct expression of toxicity symptoms such as chlorosis and necrosis of young leaves within 
several days, more indirect symptoms can be expected after root exposure to glyphosate, 
mainly as a consequence of an impairment of root function, e.g. limited acquisition and 
translocation of water (Zobiole et al. 2010b) and nutrients (Neumann et al., 2006) or of 
hormonal signals such as cytokinins (Sergiev et al. 2006).    
 
Similar to the symptoms of plant damage, intracellular shikimate accumulation was also 
differentially expressed on different soils and declined in the order ARE > FER > LUV > 
REG (no damage symptoms, no shikimate accumulation). These findings suggest a 
differential capacity for glyphosate immobilisation / detoxification of the investigated soils 
and a glyphosate re-mobilisation potential of P fertilisers (Tab. 8.1, Tab. 8.2, Tab. 8.4), 
probably based on competitive soil adsorption of phosphate and glyphosate (Hance, 1976; 
Dion et al., 2001; Gimsing and Borggaard, 2002a, 2002b). 
 
On ACR, induction of plant damage by P fertilisation of the glyphosate-treated soil was not 
associated with increased intracellular shikimate accumulation. Moreover, germination rate 
was affected only on ACR but not on the other investigated soils (Tab. 8.4). The major 
metabolite of glyphosate accumulating in soils is AMPA (aminomethylphosphonic acid). 
Compared with glyphosate, AMPA exhibits similar adsorption characteristics in soils, a lower 
phytotoxicity and no induction potential for shikimate accumulation in plant tissues (Giesy et 
al., 2000; Reddy et al., 2004; Laitinen et al., 2008). Recently, a Monsanto patent on 
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production of AMPA-resistant crops reported an inhibitory effect of AMPA on wheat in an 
embryo germination test (Barry, 2009). Accordingly, our own investigations revealed an 
inhibitory effect of AMPA but not of glyphosate on germination of winter wheat seeds (Bott 
et al., 2010). Therefore, it seems to be likely that on ACR the conversion of glyphosate to 
AMPA proceeded more rapidly than on the other investigated soils. Thus, AMPA was 
probably the main phytotoxic compound re-mobilised by P fertilisation, associated with 
typical symptoms of AMPA toxicity such as suppression of germination without induction of 
shikimate accumulation.    
Plant nutritional status  
An increasing number of publications have reported a glyphosate-induced impaired plant-
nutritional status particularly of cationic mineral nutrients such as Mn, Zn, Fe and Ca 
(Sprankle et al., 1975c; Duke et al., 1983; Subramaniam and Hoggard, 1988; Neumann et al., 
2006; Gordon et al., 2007; Eker et al., 2006; Ozturk et al., 2008; Bott et al., 2008; 
Tesfamariam et al., 2009; Cakmak et al., 2009; Zobiole et al., 2010a). Since glyphosate is a 
potent metal chelator for many of these divalent cations, competetive interactions limiting 
acquisition, uptake, translocation and intra-cellular utilisation of cationic nutrients have been 
discussed as putative causes for nutrient limitation (Sprankle et al., 1975c;; Subramaniam and 
Hoggard, 1988; Eker et al., 2006; Ozturk et al., 2008; Cakmak et al., 2009). Additionally, 
Ozturk et al. (2008) demonstrated a glyphosate-induced inhibition of iron reductase activity at 
the plasma membrane of root cells, limiting the iron acquisition of sunflower plants. In the 
present study, however, plant-damage on glyphosate-treated soils was not related to a certain 
cationic nutrient deficiency (Tab. 8.7). On different soils, different nutrients were affected by 
the glyphosate treatments. This finding suggests that in case of root exposure of plants to 
glyphosate in our study, the impairment of root growth by glyphosate toxicity rather than 
competitive interactions of glyphosate with certain cationic nutrients was the major limiting 
factor for nutrient acquisition. Since root growth determines the spatial acquisition 
particularly of sparingly soluble nutrients, the differential solubility of nutrients in different 
soils can explain the expression of variable nutrient deficiencies by glyphosate treatments 
depending on soil type. However, depending on the organs primarily exposed to glyphosate 
(e.g. leaf application versus root uptake) also differential interactions with mineral nutrients 
may be expected.   
Factors determining glyphosate resolubilisation 
Similar to phosphate adsorption in soils, the main sorption sites of glyphosate and AMPA, are 
found on surfaces of iron and aluminum oxides, poorly ordered aluminum silicates and edges 
of layer silicates, while sorption of glyphosate by permanent charge layer silicates seems to be 
limited (Borggaard and Gimsing, 2008; Vereecken, 2005 and references cited therein). 
Competitive desorption of glyphosate by phosphate on iron and aluminum oxides (e.g. 
goethite, α-FeOOH) has been shown in numerous studies (Barja and Dos Santos Afonso, 
2005; Gimsing and Borggaard, 2002a,b; Gimsing et al., 2004; Vereecken, 2005 and 
references cited therein).  
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The induction of plant damage by P fertilisation on glyphosate-treated soils indicates a P-
induced competitive desorption of glyphosate from phosphate binding sites also in the present 
study. Differential expression of glyphosate plant damage on the investigated soils may be 
related to differences in the fixation potential for P and glyphosate. Phosphate fixation in soils 
can also be a limitation for the plant availability of fertiliser P. Therefore, the P fixation 
potential of the investigated soils may be reflected by the responsiveness of the plant P-
nutritional status to P fertilisation. Accordingly, glyphosate-induced plant growth inhibition 
was positively correlated with P availability for soybean on the five different soils (r2 = 0.58), 
calculated according to the responses of the P-nutritional status to P fertilisation. Excluding 
the ACR where plant damage was potentially caused by re-mobilisation of AMPA, the 
correlation of glyphosate-induced plant damage and the P availability for soybean rises to 
r2=0.97 (Fig. 8.2a ).  
 
A similar correlation was observed for glyphosate-induced inhibition of plant growth and the 
CAT-extractable Fe fraction of the investigated soils (r2 = 0.57), representing the chelator-
exchangeable Fe pool (VDLUFA, 2004) that is considered to be plant available (Fig. 8.2b). 
These findings suggest that a significant proportion of glyphosate (and AMPA on the ACR) 
may be adsorbed to more labile/ plant-available Fe fractions of the investigated soils. Low pH 
has been reported to increase the amount of glyphosate adsorbed to pure iron/ aluminium 
oxides and also in soils (Sheals et al., 2002; Barja and Dos Santos Afonso, 2005). Lowering 
the pH increases the pool of labile ferric iron available for adsoprtion of free glyphosate. 
Based on the assumption that phosphate and glyphosate are bound by the same adsorption 
sites, competitive desorption of high amounts of glyphosate from labile ferric iron by 
application of P fertilisers would explain the strong expression of plant damage particularly 
on the three acidic soils (ARE, ACR, FER) (Tab. 8.3, Tab. 8.4, Tab. 8.5). 
 
 
 
Fig. 8.2: Correlation between glyphosate-induced damage and soil characteristics 
Glyphosate-induced shoot biomass decline of soybean (cv. Conquista) cultivated on an Arenosol (ARE), 
Acrisol (ACR), Ferralsol (FER), Luvisol (LUV) and Regosol (REG) pre-incubated with glyphosate for 10-
35 days before sowing and application of 240mg P kg soil-1 in correlation with  P-fertiliser availability (A), 
Fe-availability of the soil (B) and the soil pH (C). The P-fertiliser availability as indicator for the strength 
of soil P-fixation was calculated as: (Shoot P-conc.(240mg P) – Shoot P-conc(0mg P) / 240mg P-fertiliser kg soil-
1. Data points represent means of 4 independent replicates. The coefficient of determination (R2) is 
indicated. 
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A weaker correlation (r2=0.46) exists between glyphosate-induced plant damage and sand 
content of all investigated soils (Fig. 8.3a). However, excluding the ACR where plant damage 
was potentially caused by re-mobilisation of AMPA the correlation glyphosate-induced plant 
damage and sand content rise to a significant positive correlation (r2=0.98). Similarly, a 
significant positive correlation (r2=0.99) between glyphosate-induced plant damage and the 
cation exchange capacity was detectable for all soil (Fig. 8.3b). This confirms earlier reports 
on potential risks for non-target plant damage on light sandy soils (Cornish, 1992), probably 
caused by weak adsorption of glyphosate due to a limited number of adsorption sites, mainly 
located on silt-clay minerals and/or low microbial degradation of glyphosate (Vereecken, 
2005; Borggaard and Gimsing, 2008 and references cited therein). 
 
 
   
Fig. 8.3: Correlation between glyphosate-induced damage and soil characteristics 
Glyphosate-induced shoot biomass decline of soybean (cv. Conquista) cultivated on an Arenosol (ARE), 
Acrisol (ACR), Ferralsol (FER), Luvisol (LUV) and Regosol (REG) pre-incubated with glyphosate for 10-
35 days before sowing and application of 240mg P kg soil-1 in correlation with the sand content (A) and the 
cation exchange capacity (CEC) of the soils (B). Data points represent means of 4 independent replicates. 
The coefficient of determination (R2) is indicated. 
 
On LUV the high calcium carbonate content (23.3%) may also limit the plant availability of 
glyphosate (and phosphate) by complexation and formation of insoluble salts with Ca2+ 
(Sprankle et al., 1975a, 1975b) explaining the comparatively low potential for glyphosate-
induced plant damage after application of P fertilisers (Tab. 8.3, Tab. 8.4, Tab. 8.5). In all 
treatments, no plant damage was observed on REG. This soil is characterised by an 
comparably high organic matter content (SOM=3.8 %) (Tab. 8.1). Various studies reported a 
sorption potential for glyphosate also for humic compounds (Piccolo et al.,1992, 1994) and 
SOM (Albers et al., 2009), which is not the main soil fraction for P adsorption. Therefore; 
glyphosate associated with SOM may not be available for competitive desorption with P 
fertilisers. Moreover, a high SOM content is frequently associated with a high soil-microbial 
activity contributing to rapid microbial degradation of glyphosate (Schnürer et al., 1985; 
Franz et al., 1997; Borggaard and Gimsing, 2008). 
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Various plant species are able to modify the rhizosphere chemistry to improve the acquisition 
of sparingly soluble nutrients such as P, Fe, Mn and Zn by root-induced changes of 
rhizosphere pH, redox potential and release of organic chelators (Neumann and Römheld, 
2002; 2007). In principle, these root-induced-chemical changes may also influence the 
solubility of glyphosate in the rhizosphere as a factor contributing to the risk of plant damage 
by re-mobilisation of glyphosate residues in soils. In the present study, phosphate deficiency 
was detectable in all soybean plants cultivated on soils without additional P fertilisation (Tab. 
8.6). However, under these conditions no plant damage was induced on glyphosate-treated 
soils (Tab. 8.3, Tab. 8.4, Tab. 8.5). This finding suggests, that the soybean plants did not 
express adaptive rhizosphere-chemical changes in response to P limitation with a potential for 
co-mobilisation of glyphosate. Accordingly, results of Tesfamariam (2003) also revealed no 
indications for P deficiency-induced alterations of rhizosphere chemistry in soybean. 
However, it remains to be established whether the well-documented adaptations for P and Fe 
acquisition in various other plant species (Neumann and Römheld, 2007) bear a risk for re-
mobilisation of glyphosate. 
Hormesis effects  
At P fertilisation levels of 0 and 80 mg P kg-1 soil, glyphosate application to REG even caused 
a significant increase in shoot biomass of the soybean indicator plants (Tab. 8.3). Growth-
stimulating effects of subtoxic glyphosate doses (so-called hormesis) have been reported for 
different plant species, although the underlying mechanisms remain poorly understood (Velini 
et al., 2008). Hormesis is likely to be related to the molecular target of glyphosate, since the 
effect was not seen in glyphosate-resistant plants. (Velini et al., 2008). Among all investigated 
soils of the present study, the highest potential for P fixation was detected on REG, reflected 
by the lowest response of the plant P-nutritional status to P application. Therefore, a strong 
fixation potential can be expected also for glyphosate. As a consequence, only trace amounts 
of glyphosate, responsible for the hormesis effect may be mobilized by competitive 
adsorption with P fertilisers. Accordingly, the hormesis effect disappeared at the highest level 
of P fertilisation (240 mg P kg-1 soil). 
 
8.6 Conclusions 
The results of the present study suggest that re-mobilisation of glyphosate residues in soils by 
addition of P fertilisers should be considered as additional potential pathway for glyphosate 
toxicity to non-target plants, which is strongly influenced by soil characteristics related to the 
soil capacity for glyphosate adsorption/degradation.  
 
Soils with a low or moderate fixation capacity for glyphosate and phosphate, low potential for 
glyphosate degradation, frequent applications of glyphosate and P fertilisers as well as 
cropping systems with limited soil perturbation are potential candidates for increased risk of 
crop damage due to glyphosate re-mobilisation. These conditions are likely to occur in no 
tillage or minimal-tillage systems with glyphosate pre-crop application or in cropping systems 
with a rotation of glyphosate-resistant and non-resistant crops particularly on sandy and/or 
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acidic soils. This applies particularly to cropping systems in the tropics and subtropics on 
soils with low nutrient availability requiring high input of fertiliser P. With the increasing 
cropping area of glyphosate-resistant plants, even more intense use glyphosate can be 
expected in the future, increasing also the potential risks of detrimental side effects to non-
target plants. Since damage symptoms do not resemble commonly known toxicity symptoms 
of glyphosate, recognition under field conditions might be difficult.  
 
Competitive desorption of glyphosate with P fertilisers may be of particular relevance, since 
both compounds are concentrated in the uppermost soil layers. Moreover, phosphate has a 
potential to attract root growth into the soil zones with the highest P accumulation (Drew, 
1975) and therefore also into the regions with the highest concentrations of glyphosate 
residues. Of special interest is also the question whether root-induced alterations of 
rhizosphere chemistry for acquisition of sparingly soluble forms of P and Fe, expressed in 
various plant species can also contribute to mobilization of glyphosate residues in soils. Since 
the phenomenon of glyphosate re-mobilisation by application of P fertilisers is currently only 
investigated in model experiments under controlled environmental conditions, field studies 
are urgently required to evaluate the potential relevance for agricultural production systems. 
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9 Glyphosate-induced impairment of plant growth and micronutrient status 
in glyphosate-resistant soybean (Glycine max L.) 
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9.1 Abstract 
This investigation demonstrated potential detrimental side effects of glyphosate on plant 
growth and micronutrient (Mn, Zn) status of a glyphosate-resistant (GR) soybean variety 
(Glycine max cv. Valiosa), which were found to be highly dependent on the selected growth 
conditions. In hydroponic experiments with sufficient Mn supply [0.5 μM], the GR cv. 
Valiosa produced similar plant biomass, root length and number of lateral roots in the control 
treatment without glyphosate as compared to its non-GR parental line cv. Conquista. 
However, this was associated with 50 % lower Mn shoot concentrations in cv. Conquista, 
suggesting a higher Mn demand of the transgenic cv. Valiosa under the selected growth 
conditions. Glyphosate application significantly inhibited root biomass production, root 
elongation, and lateral root formation of the GR line, associated with a 50% reduction of Mn 
shoot concentrations. Interestingly, no comparable effects were detectable at low Mn supply 
[0.1 μM]. This may indicate Mn-dependent differences in the intracellular transformation of 
glyphosate to the toxic metabolite aminomethylphosphonic acid (AMPA) in the two isolines. 
In soil culture experiments conducted on a calcareous loess sub-soil of a Luvisol (pH 7.6) and 
a highly weathered Arenosol (pH 4.5), shoot biomass production and Zn leaf concentrations 
of the GR-variety were affected by glyphosate applications on the Arenosol but not on the 
calcareous Loess sub-soil. Analysis of micronutrient levels in high and low molecular weight 
(LMW) fractions (80 % ethanol extracts) of young leaves revealed no indications for internal 
immobilisation of micronutrients (Mn, Zn, Fe) by excessive complexation with glyphosate in 
the LMW phase. 
 
Keywords: Glyphosate, Glyphosate-resistant soybean (Glycine max L.), Micronutrient 
acquisition, Micronutrient utilisation 
 
Abbreviations: 
cv. cultivar 
GM genetically modified 
GR glyphosate-resistant 
LMW low molecular weight 
HMW high molecular weight 
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9.2 Introduction 
Due to low production costs and high herbicidal efficiency, glyphosate is the most widely 
used wide-spectrum herbicide in the world (Baylis, 2000; Service, 2007). Glyphosate acts as a 
non-selective total herbicide by inhibiting the shikimate pathway responsible for the 
biosynthesis of aromatic amino acids and phenolic compounds (Hernandez et al., 1999), 
thereby causing impairment of general metabolic processes, such as protein synthesis and 
photosynthesis (de María et al., 2005; Geiger et al., 1986). Glyphosate also affects the 
micronutrient status of plants (Eker et al., 2006; Neumann et al., 2006). Field observations in 
Brazil and the US reported that frequent applications of glyphosate may directly or indirectly 
induce iron (Fe), zinc (Zn), and manganese (Mn) deficiencies in glyphosate-resistant (GR) as 
well as non-GR plants (Huber, 2006; Jolley and Hansen, 2004; Huber and McCay-Buy, 
1993). 
Hydroponic experiments demonstrated that even low levels (1.25–6 % of the recommended 
dosage, comparable to levels in non-target drift) of glyphosate caused a pronounced decline in 
acquisition, root uptake and root-to-shoot translocation of radio-labelled Fe, Zn, and Mn in 
non-GR sunflower (Ozturk et al., 2008; Eker et al., 2006). Neumann et al. (2006) 
demonstrated that glyphosate applied exclusively to GR soybean leaves, impaired Mn uptake 
of non-GR sunflower seedlings cultivated simultaneously in the same pot, suggesting an 
inhibition of micronutrient uptake by root to root transfer of glyphosate. On the other hand, 
even growth-stimulating effects of sub-lethal doses of glyphosate have been reported in some 
cases (Wagner et al., 2003). 
Calcium and cationic micronutrients in spray solutions reduce the herbicidal effectiveness of 
glyphosate due to the formation of glyphosate-metal complexes (Bernards et al., 2005a; 
Bailey et al., 2002). Iron and Mn in spray solutions are known to inhibit glyphosate herbicidal 
activity by limiting absorption and translocation of glyphosate in treated leaves (Bernards et 
al., 2005b). 
Since glyphosate toxicity has multiple direct and indirect effects on susceptible plants, an 
assessment of mechanisms underlying the impairment of the micronutrient status is difficult. 
However, observations of micronutrient deficiencies in GR plants suggest detrimental effects 
of glyphosate independent of direct toxicity. These effects may comprise (1) reduced 
availability of cationic micronutrients in soils due to external or internal complexation with 
glyphosate, or due to toxic side effects on certain rhizosphere microorganisms, with functions 
in micronutrient (particularly Mn) mobilisation (Huber, 2006; Neumann et al., 2006); and (2) 
intracellular accumulation of phytotoxic glyphosate metabolites, such as amino-
methylphosphonic acid (AMPA) in GR plants (Reddy et al., 2004; Nandula et al., 2007). 
 
In the present research, experiments were conducted under controlled conditions to study the 
effect of glyphosate on shoot and root dry matter production, patterns of root growth and 
morphology, and the nutritional status of Fe, Mn, and Zn in GR soybean plants (Glycine max 
L. cv. Valiosa). To assess potential effects on uptake and internal utilisation of micronutrients, 
independent of external factors determining their solubility and plant availability in soils (e.g. 
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binding forms, pH, redox conditions, microbial activity), one set of experiments was 
performed in hydroponic culture. The impact of soil factors was investigated in a greenhouse 
study using two contrasting soils (acidic Arenosol, calcareous Loess sub-soil) in rhizoboxes 
equipped with root observation windows. 
To assess a possible physiological immobilisation of the investigated micronutrients in young 
leaves of glyphosate-treated plants by metal complexation with glyphosate (Sprankle et al., 
1975c), leaf tissue was extracted with 80 % ethanol to separate the low molecular weight 
(LMW) soluble fraction containing potential metal complexes with glyphosate, from high 
molecular weight (HMW) compounds. After glyphosate application, the formation of stable 
LMW metal complexes with glyphosate may limit the availability of micronutrients for 
interactions in the HMW fraction. This will consequently lead to alterations in micronutrient 
distribution between the HMW and LMW fractions. 
The experiments were conducted with the GR soybean cv. Valiosa and the non-GR parental 
line cv. Conquista. Inclusion of both lines allowed the investigation of potential effects of the 
transgenic modification on plant growth, development and micronutrient status, independent 
of glyphosate application (Gordon, 2007). 
 
9.3 Materials and methods 
Plant material and growth conditions 
Soybean (Glycine max L.) seeds of the Glyphosate-resistant (GR) cv. BSR Valiosa RR and of 
the non-GR, parental line cv. BR-16 Conquista were used in all experiments. BSR Valiosa RR 
was derived from the crossing of cv. BR-16 Conquista with one genotype possessing the 
glyphosate-tolerance gene. With an initial crossing and five retro-crossings, it was estimated 
that the index of the paternal recurrent (Conquista) is 0.984 %, suggesting that cv. BSR 
Valiosa RR possesses about 98.4 % of Conquista genes (Neylson Arantes, Embrapa, Brazil, 
personal communication).  
Two soil culture experiments in “rhizoboxes” (equipped with root observation windows) and 
two studies in hydroponics were conducted. Seeds of both cultivars were sterilised for 5 min 
in 30 % H2O2, soaked for 5 h in 10 mM CaSO4 and germinated in upright position for 3 days 
in an incubator at 24°C in rolls of filter paper (MN 710, Macchery & Nagel, Düren, Germany) 
soaked with 2.5 mM CaSO4. Two contrasting soils were used in the soil experiments: a 
calcareous, loamy sub-soil of a Luvisol (pH (CaCl2) 7.6; Corg [%] <0.3) and a sandy acidic 
Aphorizon of an Arenosol (pH (CaCl2) 4.5; Corg [%] 0.16). Calcium chloride-
diethylenetriamine pentaacetic acid (CAT)-extractable micronutrient concentrations 
(VDLUFA, 2004) [mg kg−1 soil]: Mn=7.4, Fe=369, Zn=0.8, B=0.9 and Cu 0.5 for the 
Arenosol and Mn=15, Fe=7.8, Zn=0.6, B=0.2 and Cu=0.7 for the calcareous Loess subsoil. 
 
Soils were sieved through a 2 mm mesh and then fertilised with 100 mg N kg−1 soil as 
Ca(NO3)2, 50 mg K kg−1 soil as K2SO4, 50 mg Mg kg−1 soil as MgSO4, and 80 mg P kg−1 soil 
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as Ca(H2PO4)2. The calcareous, loamy subsoil was additionally supplied with 7.3 mg Fe-
EDTA kg−1 soil. After fertilisation, the soils were sieved again to guarantee homogeneous 
distribution of the fertilisers. Previous measurements showed no profound changes in soil pH 
after identical fertiliser application to the two soils. Two seedlings of cv. Conquista or cv. 
Valiosa were transplanted into rhizoboxes (40×20×2 cm) filled with each 3 kg of fertilised 
soil and soil moisture was adjusted to 70 % of the soil water-holding capacity. Plants were 
grown under greenhouse conditions with an average day/night temperature of 20–22/ 14–
16 ºC. Water loss was determined gravimetrically and replaced by daily applications of de 
ionised water. A 14/10 h day/night light regime was guaranteed by additional lighting with 
fluorescent lamps (Osram HQL-R 400 W, Osram, Munich, Germany). 
 
Hydroponic experiments were performed in a growth chamber under controlled 
environmental conditions with a light/dark regime of 14/10 h at 26/24 °C, light intensity of 
220 μmol m−2 s−1 at canopy height, provided by fluorescent lamps (Osram HQL-R 400, 
Osram, Munich, Germany) and 60 % relative humidity. Six seedlings of cv. Conquista or cv. 
Valiosa were transferred to plastic pots (diameter: 18 cm, depth: 16 cm) containing 2.8 L 
continuously aerated nutrient solution containing 2 mM Ca(NO3)2, 0.25 mM KH2PO4, 0.7 
mM K2SO4, 0.1 mM KCl, 0.5 mM MgSO4, 20 μM Fe-EDTA, 10 μM H3BO3, 0.5 μM ZnSO4, 
0.2 μM CuSO4 and 0.01 μM (NH4)6Mo7O24. Mn-supply varied between 0.5 μM (sufficient) 
and 0.1 μM (marginal) MnSO4. 
Glyphosate applications 
The glyphosate formulation Roundup® UltraMax (Monsanto Agrar, Düsseldorf, Germany) 
containing 450 g L−1 N-(phosphonomethyl)glycine isopropylamine salt as the active 
ingredient was used in all experiments. Two concentrations of spray solutions were prepared 
according to the product label at 2 and 4 L Roundup® UltraMax in 200 L spray solution per 
hectare (equivalent to 28.4 and 56.8 mM of active ingredient), as recommended by the 
manufacturer against most annual or perennial weed species. Field application rates in pot 
experiments were performed according to recommendations for small scale glyphosate 
applications obtained from Monsanto (personal communication) and resulted in glyphosate 
doses of 9.6 and 19.2 μg cm2 of pot surface area. In all experiments, glyphosate was applied 
with a hand-held sprayer. To achieve a manageable volume of spray solution, the initial 
glyphosate spray-solution was diluted 1:10 resulting in application volumes between 3 and 
6 mL per pot. In all experiments, the freshly prepared glyphosate solution was sprayed on 
foliage only of the GR soybean cv. Valiosa. The sprayed solution did not cause run-off from 
leaves. Glyphosate applications were performed at 7 days after transfer into nutrient solution 
in the experiments conducted in hydroponics and at 14 and 37 days after transplanting to the 
rhizoboxes in the soil culture experiments. Due to the long time period between first 
application and harvest, two applications of glyphosate were performed in the soil 
experiments. 
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Plant growth measurements 
During the experiments in rhizoboxes, root growth was documented by repeated drawing of 
roots visible along the root observation windows on plastic films. Patterns of root elongation 
of plants grown in soil culture and root growth and root morphology of plants grown in 
nutrient solution were subsequently analysed using the WinRhizo Pro®, (Regent Instruments, 
Quebec, Canada) digital imaging software. At harvest, plants were separated into roots, old 
leaves, and the youngest leaves, and biomass was recorded. Young leaves were frozen in 
liquid nitrogen. Fresh weights of all plant parts (roots and shoot) were determined at harvest 
and dry weights of roots and old shoots were determined after oven-drying at 60 °C. 
Analysis of mineral nutrients 
Two hundred milligram of dried young leaf material was ashed in a muffle furnace at 500 °C 
for 5 h. After cooling, the samples were extracted twice with 2 mL of 3.4 M HNO3 until 
dryness to precipitate SiO2. The ash was dissolved in 2 mL of 4 M HCl, subsequently diluted 
ten times with hot deionised water, and boiled for 2 min. After addition of 0.1 mL Cs/La 
buffer to 4.9 mL ash solution, Fe, Mn and Zn concentrations were measured by atomic 
absorption spectrometry (UNICAM 939, Offenbach/Main, Germany). 
To assess a potential intracellular complexation of micronutrients by glyphosate in soil-grown 
plants, young leaves were homogenised in liquid nitrogen and extracted with 80 % ethanol to 
separate the low molecular weight fraction from macromolecules. The extracts were 
centrifuged to remove insoluble HMW - plant material and the supernatant, containing LMW-
compounds was evaporated to dryness on a heating plate. The dried residues were ashed in a 
muffle furnace at 500 °C for 5 h and analysed as described above for total micronutrient 
concentration. 
The distribution of micronutrients (Mn, Zn, Fe) between 80 % ethanol-soluble (LMW) and 
insoluble (HMW) fractions was calculated, based on the difference of total micronutrient 
concentration in the leaf tissue and the micronutrients detected in the soluble fraction. 
Statistics 
Both soil experiments were conducted in a completely randomised block design with four 
replicates per treatment. Nutrient solution experiments were conducted in a completely 
randomised block design with three (first experiment) or four (second experiment) replicates 
per treatment. Analysis of variance and the Tukey test for detection of significant differences 
were performed using the SigmaStat-software (Jandel Scientific, Sausalito, CA, USA). Plant 
greenhouse culture did not allow exactly reproducible culture conditions. Therefore, one 
representative set of reproducible data obtained in both replications of the experiments in soil 
culture and hydroponics is presented. 
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9.4 Results 
Studies in hydroponics Dry matter production of the GR cv. Valiosa was comparable with the 
parental line Conquista in hydroponic culture both at high [0.5 μM] and low levels [0.1 μM] 
of Mn. In contrast, glyphosate significantly reduced root dry matter of cv. Valiosa at 0.5 μM 
Mn but not at 0.1 μM (Tab. 9.1). Similar trends were also detected for shoot biomass of 
glyphosate-treated plants although the differences were not significant (Tab. 9.1). 
Root morphology of cv. Valiosa was significantly altered by glyphosate application, with a 
decline of root elongation by approximately 30 % and reduced development of lateral roots 
(Fig. 9.1). 
 
Tab. 9.1 Plant biomass of glyphosate-sensitive (GS) and glyphosate-resistant (GR) soybean 
depending on Manganese supply and glyphosate application 
Root- and shoot dry matter production were measured for the GR soybean (Glycine max L.) cv. Valiosa and 
the non-resistant parental line Conquista, grown for two weeks in hydroponic culture with sufficient 
[0.5 µM] and low [0.1 µM] Mn supply. Foliar glyphosate application was performed only with cv. Valiosa 
using two application levels (+ Gly = 28.4 mM and ++ Gly = 56.8 mM) at 7 days after transfer to nutrient 
solution. Data represent means of three independent replicates. For each column, statistically significant 
differences at P< 0.05 are indicated by different characters. 
 
Mn supply 0.1 μM 0.5 μM 
 
Dry matter production (mg DM pot-1) 
Treatment Root Shoot Root Shoot 
Conquista 218 a 1002 a 201 a 1009 a 
Valiosa –Gly 181 a 1027 a 164 a 960 a 
Valiosa + Gly 176 a 990 a *156 b 906 a 
Valiosa ++Gly 160 a 927 a *107 b 847 a 
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Fig. 9.1: Root morphology of glyphosate-sensitive (GS) and glyphosate-resistant (GR) soybean 
depending on glyphosate application 
Root length (above) and number of root tips (below) were determined for the GR soybean (Glycine max L.) 
cv. Valiosa and its nonresistant parental line cv. Conquista after 2 weeks of growth in hydroponic culture 
with sufficient [0.5 μM] or low [0.1 μM] Mn supply. Foliar glyphosate application was performed only 
with cv. Valiosa using a glyphosate concentration of 28.4 mM at 7 days after transfer to nutrient solution. 
Data represent means and standard deviations of three independent replicates. Statistically significant 
differences at P<0.05 are indicated by different characters 
 
At the low level of Mn supply [0.1 μM], Mn concentrations in young leaves of all 
investigated plants ranged close to the critical level for Mn deficiency [20 μg g−1 DM], 
although the Mn concentration and total Mn content of cv. Conquista were approximately 
20 % higher than in cv. Valiosa (Fig. 9.2). At sufficient supply of Mn [0.5 μM] in the absence 
of glyphosate, internal Mn concentrations increased above the critical level in both cultivars 
but the transgenic cv. Valiosa accumulated approximately twice as much Mn in young leaves 
as its nontransgenic parent cv. Conquista. In contrast, glyphosate decreased the Mn 
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concentration and total Mn in leaves by approximately 50–60 % in cv. Valiosa relative to 
Valiosa not treated with glyphosate. 
 
 
Fig. 9.2: Manganese concentration in shoots of glyphosate-sensitive (GS) and glyphosate-
resistant (GR) soybean depending on Manganese supply and glyphosate application 
Manganese concentration (A) and total Mn content (B) were measured in young leaves of the GR soybean 
(Glycine max L.) cv. Valiosa and its non-resistant parental line cv. Conquista after two weeks of growth in 
hydroponic culture with sufficient [0.5 µM] or low [0.1 µM] Mn supply. Foliar glyphosate application was 
performed only with cv. Valiosa, using glyphosate concentrations of 28.4 mM (+ Gly) and 56.8 mM (++ 
Gly) at 7 days after transfer to nutrient solution. Data represent means and standard deviations of three 
independent replicates. Statistically significant differences at P < 0.05 are indicated by different characters. 
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Studies in soil culture 
Shoot biomass of the two soybean cultivars was generally lower on the calcareous loess sub-
soil compared with the acidic Arenosol, while root biomass remained largely unaffected (Fig. 
9.3). Glyphosate reduced shoot biomass of the GR cv. Variosa on the acidic Arenosol but not 
on the calcareous sub-soil. There were no significant glyphosate effects on root biomass (Fig. 
9.3) or root elongation on both soils. 
Glyphosate significantly reduced the concentration of Zn in young leaves of cv. Valiosa (Tab. 
9.2) in two independent replications of the experiment, while no significant differences were 
detectable for Mn (Tab. 9.2). In both cultivars, Zn leaf tissue concentrations were generally 
higher and Mn concentrations generally lower on the Arenosol than on the calcareous sub-
soil, while Fe levels were comparable on both soils (Tab. 9.2). 
 
9.5 Discussion 
During the last decade, transgenic expression of the bacterial 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS) gene has been employed as a strategy to confer glyphosate 
resistance to soybean and various other crop species (Cerdeira and Duke, 2006). Although GR 
soybean cultivars have been demonstrated to be 50 times less sensitive to glyphosate toxicity 
than non-resistant varieties (Nandula et al., 2007), various studies and field observations 
reported growth depressions, chlorosis, leaf necrosis and micronutrient deficiencies after 
glyphosate applications with the recommended dosage (Duke et al., 2003; Jolley and Hansen, 
2004; Reddy et al., 2004). This has been frequently attributed to detrimental effects of 
AMPA, a phytotoxic metabolite of glyphosate, and to ingredients and surfactants of the 
glyphosate formulation (Reddy et al., 2004; Nandula et al., 2007). Under field conditions, 
AMPA residues were detected in leaves, stems and seeds of glyphosate-treated GR soybean 
(Duke et al., 2003; Arregui et al., 2003), while in most plant species, in planta conversion of 
glyphosate to AMPA was considered as marginal (Duke, 1988). A particularly high ability for 
glyphosate degradation was reported for soybean cell cultures (Komossa et al., 1992). High 
variability in the expression of glyphosate toxicity in GR soybean was assigned to differences 
of the plant physiological status, genotype, and to environmental factors with impact on 
glyphosate turn-over (Reddy et al., 2004), but the underlying mechanisms are still largely 
unknown. 
 
Accordingly, in the present study, glyphosate-induced depressions of plant growth in the GR 
soybean cultivar Valiosa were strongly dependent on the selected culture conditions (Tab. 9.1; 
Fig. 9.1, 9.3). In a hydroponic culture experiment, designed to study effects on growth and 
micronutrient status of the plants, independent of external factors determining the solubility 
and plant availability of micronutrients in soils, glyphosate application induced an inhibition 
of root growth in plants supplied with full nutrient sufficient Mn but not under conditions of 
low [0.1 μM] Mn supply (Tab. 9.1; Fig. 9.1). Assuming that AMPA toxicity is responsible for 
the growth depression (Reddy et al., 2004), this may indicate that the enzymatic conversion of 
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glyphosate to AMPA in GR soybean requires a certain level of external Mn supply, which 
was insufficient in the low Mn treatment. 
 
In soil culture, shoot biomass production declined by approximately 15–30% in glyphosate 
treated plants grown on an acidic Arenosol but not on a calcareous Loess sub-soil, while root 
biomass was not significantly affected (Fig. 9.3).  
 
 
Fig. 9.3: Plant biomass of glyphosate-sensitive (GS) and glyphosate-resistant (GR) soybean 
depending on soil type and glyphosate application 
Root-, and shoot biomass production were measured for the GR soybean (Glycine max L.) cv. Valiosa and 
its non-resistant parental line cv. Conquista at 42 days of growth on an acidic Arenosol (left) or a 
calcareous Luvisol subsoil (right). Foliar glyphosate application was performed only with cv.Valiosa with 
glyphosate concentrations of 28.4 mM (+ Gly) and 56.8 mM (++ Gly) at application intervals of 14 and 37 
days after transplanting. Data represent means and standard deviations of four independent replicates. 
Statistically significant differences P < 0.05 are indicated by different characters for each plant organ.  
 
Therefore, the differences in plant responses to glyphosate treatments on the two contrasting 
soils and in the different culture systems suggest an important role of the physiological status 
or the developmental stage of the plants (17 DAT in hydroponics versus 47 DAT in soil 
culture) as factors determining e.g. the rates of internal glyphosate degradation or the 
sensitivity to AMPA toxicity. Growth inhibition was associated with a selective decline of Mn 
concentrations in young shoots of plants grown in hydroponics (Fig. 9.2) and of Zn in plants 
grown in soil culture (Tab. 9.2). However, no visible symptoms of micronutrient limitation 
were detectable and the tissue concentrations did not drop below the critical deficiency levels 
Chapter 9 – Nutritional status of GR soybean  
 
  
154 
 
(Mn 20; Zn 30, Fe 30–40 μg g−1 DM; Bennett, 1993; Reuter and Robinson, 1997). These 
findings suggest that the decline of the micronutrient concentration was a consequence rather 
than the cause of impaired plant growth induced by glyphosate application. 
 
Interestingly, at high levels of Mn supply [0.5 μM in the nutrient solution] without glyphosate 
application, the transgenic cv. Valiosa accumulated twice the concentrations and shoot 
contents of Mn compared with the parental line cv. Conquista (Fig. 9.2), while other 
micronutrients, such as Zn and Fe remained unaffected (data not shown). This may be a 
consequence of higher uptake and/or root to shoot translocation of the easily available Mn in 
the nutrient solution culture system and reflect a selectively higher Mn demand (up to 50%) 
reported for some GR soybean varieties also in field observations (Gordon, 2007). However, 
the reasons for this effect of the transgenic modification of the EPSPS gene are currently 
unknown. After glyphosate application, the reduced root development of the transgenic cv 
Valiosa (Tab. 9.1; Fig. 9.1,) may be no longer sufficient to match the increased Mn demand of 
this variety, resulting in the observed decline of Mn accumulation in the shoot tissue (Fig. 
9.2). 
In the soil culture experiments, soil analysis surprisingly revealed a similar or even lower 
availability for Zn and Mn (VDLUFA, 2004) on the acidic Arenosol as compared with the 
calcareous Loess sub-soil. Obviously, low absolute levels of these micronutrients in the 
highly weathered Arenosol superimposed the effects of increased micronutrient solubility, 
expected by the low pH of the Arenosol. Although soil analysis (VDLUFA, 2004) revealed 
similar Zn levels in both soils (0.8 and 0.6 mg kg−1 in the Arenosol and the Loess sub-soil, 
respectively), glyphosate application induced a decline of shoot Zn in cv. Valiosa, grown on 
the Arenosol but not on the calcareous soil. This may indicate a selective impairment of 
mechanisms for Zn acquisition or translocation by glyphosate application, restricted to the 
growth conditions on acidic Arenosol. Glyphosate released into the rhizosphere by roots of 
GR soybean (Neumann et al., 2006) and also AMPA as major phytotoxic metabolite of 
glyphosate in soils (Giesy et al., 2000) may be differentially adsorbed and inactivated in the 
two soils with different properties. Accordingly, Neumann et al. (2006) demonstrated that 
glyphosate released by roots of GR soybean, exerted phytotoxic effects on co-cultivated non-
GR sunflower on the acidic Arenosol but not on the calcareous loess sub-soil. Obviously, on 
the highly weathered Arenosol with low buffering capacity, glyphosate was sufficiently 
available in the soil solution for interactions with the roots of sunflower as a non-target plant. 
High Ca2+ concentrations in the calcareous sub-soil (30 % CaCO3) may lead to rapid 
complexation and immobilisation of glyphosate (Gauvrit et al., 2001; Schönherr and 
Schreiber, 2004) to make it unavailable for plant roots and to protect it from conversion to 
AMPA, which can exert phytotoxic effects even to GR soybean (Reddy et al., 2004) 
Recently, Wang et al. (2008) reported increased Zn adsorption on goethite in presence of 
glyphosate at pH values <5.0. Similarly, root exudation of glyphosate may limit Zn 
availability in the rhizosphere of the glyphosate-treated GR soybean plants on the Fe-rich 
Arenosol with pH 4.5. 
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Tab. 9.2 Soluble and insoluble micronutrient (Mn, Zn, Fe) fractions in leaves of glyphosate-
sensitive (GS) and glyphosate-resistant (GR) soybean depending on soil type and glyphosate 
application 
Concentrations of Manganese (Mn), Zinc (Zn) and Iron (Fe) in the 80 % ethanol-soluble (LMW) and 
insoluble fractions (HMW) were obtained from young leaves of the GR soybean (Glycine max L.) cv. 
Valiosa and the non-GR parental isoline Conquista, grown for 42 days in rhizoboxes under greenhouse 
conditions on an acidic Arenosol (left) and a calcareous Luvisol subsoil (right). 
          
 Arenosol  Luvisol 
          
  Conquista Valiosa Val. +Gly Val.++Gly  Conquista Valiosa Val. +Gly Val.++Gly
          
soluble Mn 1.2 A 0.9 A 1.3 A 1.2 A  5.1 B 5.7 B 5.6 B 6.4 B 
 [µg g-1 DM] (±0.29 (±0.2) (±0.2) (±0.4)  (±2.3) (±1.3) (±1.1) (±1.5) 
insoluble Mn 53.2 A 48.3 A 53.6 A 56.3 A  85.7 B 81.6 B 93.0 B 92.9 B 
[µg g-1 DM] (±2.7) (±7.6) (±4.6) (±5.1)  (±18.4) (±8.5) (±16.0) (±15.0) 
Total Mn 54.4 A 49.2 A 54.9 A 57.5 A  90.9 B 87.4 B 98.7 B 99.4 B 
[µg g-1 DM] (±2.9) (±7.6) (±4.4) (±4.8)  (±20.6) (±9.5) (±16.6) (±14.4) 
  
          
soluble Zn 41.3 A 28.1 B 27.5 B 22.2 B  28.1 A 27.7 A 30.3 A 32.4 A 
[µg g-1 DM] (±5.7) (±7.7) (±6.3) (±9.9)  (±8.9) (±3.7) (±4.9) (±2.6) 
insoluble Zn 85.5 A 68.6 A 39.1 B 38.2 B  40.5 A 35.1 A 35.8 A 38.0 A 
[µg g-1 DM] (±35.0) (±18.2) (±2.6) (±10.8)  (±11.2) (±1.8) (±7.3) (±9.7) 
Total Zn 126.8 A 96.8 A 66.6 B 68.8 B  68.6 A 62.8 A 66.3 A 70.4 A 
[µg g-1 DM] (±35.2) (±25.5) (±8.5) (±16.7)  (±15.8) (±3.2) (±4.1) (±8.8) 
  
          
soluble Fe 21.6 A 14.2 A 27.2 B 13.6 A  16.1 A 15.1 A 18.5 A 20.9 A 
[µg g-1 DM] (±8.6) (±5.3) (±6.8) (±3.8)  (±4.8) (±5.2) (±9.6) (±11.7) 
insoluble Fe 134.4 A 124.9 A 114.8 A 114.8 A  122.8 A 124.2 A 105.2 A 111.7 A 
[µg g-1 DM] (±42.8) (±22.8) (±25.7) (±18.8)  (±25.0) (±23.5) (±29.7) (±36.4) 
Total Fe 155.9 A 139.1 A 141.9 A 128.4 A  138.9 A 139.2 A 123.7 A 132.5 A 
[µg g-1 DM] (±44.9) (±22.5) (±28.2) (±21.9)  (±24.0) (±24.7) (±22.7) (±33.5) 
                    
          
 
After foliar application, glyphosate is rapidly translocated to young growing tissues of roots 
and shoots where it can accumulate in millimolar concentrations (Feng et al., 1999; 
Hetherington et al., 1999). Therefore, a possible internal inactivation of micronutrients in 
young leaves via formation of glyphosate-metal complexes, unavailable for plant metabolism, 
was also investigated. The well documented ability of glyphosate to form stable complexes 
with metal cations such as Al, Fe, Zn, Mn and Ca (Sprankle et al., 1975c) may thereby induce 
internal micronutrient deficiencies, although total micronutrient leaf concentrations are in the 
sufficiency range. However, micronutrients in the 80 % ethanol-soluble LMW fraction of 
young leaves obtained from glyphosate-treated and non-treated control plants in soil culture 
were not significantly different (Tab. 9.2). This suggests that at least in the rhizobox 
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experiments of this study, there was no increased partitioning or immobilisation of 
micronutrients in the LMW fraction by complexation with glyphosate, which could limit the 
availability of micronutrients for their physiological function in membrane stabilisation and 
enzyme interactions in the HMW fraction of young leaves (Cakmak, 2000). However, a 
possible micronutrient immobilisation in the root tissue by complexation with glyphosate, 
which may limit the translocation of micronutrients to the shoots, still needs to be 
investigated. 
 
9.6 Conclusions 
Glyphosate application at the recommended dosage can exert negative side-effects on plant 
growth and micronutrient status under some conditions, even in transgenic, glyphosate-
resistant GR soybean. The differential expression of these effects in different culture systems 
(hydroponics, soil culture) and on different soils suggests a strong interrelationship with 
growth conditions and environmental factors. The development of strategies to avoid these 
negative side effects requires further attention to characterise responsible factors and to 
investigate underlying mechanisms of action and their degree of expression under field 
conditions. 
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10 General discussion 
Presently, risks of glyphosate toxicity for conventional and genetically modified glyphosate-
resistant crops are predominantly discussed in terms of contamination of crop plants by 
glyphosate via the air during drift events or via a pathway from soil particles to the plant. 
Although the risk of glyphosate toxicity due to drift is acknowledged, because of rapid 
inactivation of glyphosate by adsorption to the soil matrix and microbial degradation of 
glyphosate in soil solution, risks of glyphosate toxicity to non-target organisms in soils are 
generally considered as marginal. Similarly, protection provided by the glyphosate-resistant 
5-enolpyruvylshikimate-3-phosphate synthase are seen as factor causing low risk of crop 
damage during application of glyphosate to GR crops.  
However, results of a series of bioassays conducted with sunflower (Chapter 4), wheat 
(Chapters 5, 7) and soybean (Chapters 6, 7, 8) revealed the potential relevance of glyphosate 
transfer via the rhizosphere from root tissue of treated weed plants to subsequently grown 
crops (Chapters 4, 5 and 6) and a re-mobilisation of glyphosate from the soil matrix 
(Chapter 8) as two possible pathways of glyphosate in soils, which were not widely 
considered so far. Both pathways are connected with a distinct but partly overlapping set of 
factors (risk factors), influencing the probability of damage of crop plants caused by 
glyphosate application. In case of pre-crop glyphosate application on weed plants and 
subsequent release of glyphosate into the rhizosphere, most important risk factors identified in 
the present study comprised the waiting time between glyphosate application and subsequent 
sowing of crops and the density of glyphosate-treated weed plants acting as storage pool for 
phytotoxic glyphosate (Chapters 4, 5 and 6). In case of possible re-mobilisation of glyphosate 
from the soil matrix, most important risk factors were the ad- and desorption characteristics of 
a soil for glyphosate and the soil specific potential for glyphosate degradation (chapter 8). 
Results of the present study revealed impaired nutritional status of non-resistant and 
glyphosate-resistant (GR)-crops as important secondary effect of glyphosate damage of plants 
(Chapters 4-9). However, in the absence of phytotoxic effects also growth stimulating effects 
of sub-lethal doses of glyphosate were observed (Chapter 8). 
The following discussion highlights the most important findings of this thesis and discusses 
them in broader context of agricultural plant production and their use for an improved 
application of glyphosate for weed control. 
 
10.1 Transfer pathways of glyphosate in the rhizosphere 
Poor establishment and growth of glyphosate-treatment succeeding crops has been repeatedly 
reported by farmers and scientists when glyphosate or other non-selective herbicides have 
been used to kill weeds before sowing of crops in no tillage or conservation tillage systems 
(Smiley et al., 1992; Descalzo et al., 1998; Römheld et al., 2008). In line with these 
observations, preliminary field trials at two locations in no-tillage systems in the vegetation 
period 2007/2008 revealed strong damage of winter wheat in case of short waiting time 
between glyphosate application to self-sown wheat (Triticum aestivum L.) or alfalfa 
(Medicago sativa L.) and sowing of winter wheat (Römheld et al., 2008).  
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A rhizosphere transfer of the herbicide during degradation of the weed residues to 
germinating seeds and seedlings of the subsequent crop, stimulation of root pathogens 
attracted by the decaying weed residues and the release of allelopathic compounds have been 
discussed as possible reasons, but the underlying mechanisms are still not clear (Römheld et 
al., 2008; Smiley et al., 1992; Descalzo et al., 1998; Dudai et al., 2009).  
 
10.1.1 Rhizosphere transfer of glyphosate to crop plants via weed residues 
Results of four independent field experiments (Chapter 5) indicated a direct correlation of 
short waiting time between pre-crop application of glyphosate and sowing of crop, with 
damage of crops e.g. delayed plant development, impaired shoot growth, chlorosis, decreased 
density of crop plants, symptoms of damage (Tab. 5.1; Fig. 5.1) and also impaired nutritional 
status of plants (data not shown).  
The results of the present study demonstrated that in comparison between different tillage 
treatments, damage of crops induced by short waiting time was stronger expressed in case of 
no-tillage- compared to minimal tillage treatments (Tab. 5.1). This effect might be explained 
by the increased dispersion and soil mixing of glyphosate containing root material in the 
minimal tillage treatment causing on the one hand a destruction of zones with high phytotoxic 
activity of glyphosate and on the other hand an increase in speed of decomposition of 
glyphosate-treated root residues and subsequently an inactivation of glyphosate by microbial 
degradation or adsorption to the soil matrix.  
Root channels of weed roots potentially represent preferential growth environment for roots 
of subsequently grown crop plants causing an increased likelihood for crop damage in case of 
growth of crop roots in root channels of glyphosate-treated weed plants. Minimal soil tillage 
potentially leads to disruption of such root channels of glyphosate treated roots and 
additionally might increase the probability for alternative growth pathways for roots of crop 
plants. Both aspects might reduce the likelihood for root growth of crops in zones of high 
phytotoxic activity of glyphosate in soils and potentially explain reduced damage of crop 
plants induced by short waiting time in minimal tillage treatments compared to no-tillage 
treatments (Tab. 5.1). 
In parallel, results of the field trial at Starzach revealed that damage of crops after pre-crop 
application of glyphosate was in case of short waiting times also directly correlated to density 
of glyphosate treated weed plants (Fig. 5.3).  
Results of the field trials suggested that glyphosate-treated weed residues acted as a transient 
storage pool of active glyphosate, associated with a risk of contact contamination of crops 
sown after short waiting times after pre-crop application of glyphosate for weed control.  
 
This conclusion is in accordance with the behaviour of glyphosate in planta. According to 
various reports, after adsorption of glyphosate by leaves of treated plants glyphosate is in 
most plant species not readily metabolised. Glyphosate is mobile in phloem and long distance 
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transport can be observed through the plant following the same source-to-sink pattern that 
occurs for photoassimilates (Sprankle et al., 1975c; Wyrill and Burnside, 1976; Ahmadi et al., 
1980; Bingham et al., 1980; Gougler and Geiger 1981). Glyphosate is rapidly translocated to 
stems, leaves and roots of the entire plant, but preferentially to young plant tissues with high 
metabolic activity and growth rates, such as root tips and shoot apices, where potentially up to 
80 % of the absorbed glyphosate accumulate (Schulz et al., 1990; Franz et al., 1997; 
Hetherington et al., 1999; Feng et al., 2003; Reddy et al., 2003). 
According to Doublet et al. (2009), the fate of pesticides in plant residues in soil is under-
investigated and basically unknown. Most of the available information originates from studies 
of glyphosate residues in foliage (Newton et al., 1984; Feng and Thompson, 1990; Thompson 
et al., 1994; Reddy et al., 2004) and not in roots. Studies with soybean (Glycine max L.) and 
wheat suggested unspecific and non-covalent binding of glyphosate to starch and cell wall 
components (Komossa et al., 1992). In a study of von Wirén-Lehr et al. (1997), release and 
degradation of 14C-labelled glyphosate in different agricultural soils correlated with the soil-
microbial activity but only after direct soil application. No such correlation was observed after 
soil incorporation of lyophilised soybean tissue cultures contaminated with glyphosate. These 
findings suggest different mechanisms for degradation of glyphosate adsorbed to the soil 
matrix or bound in plant residues in soils, respectively. In line with this, Doublet et al. (2009) 
reported that absorption of glyphosate and sulcotrione in plants delays their subsequent soil-
degradation and, particularly in case of glyphosate, that persistence in soil could increase 2 to 
6 times. Under field conditions, Laitinen and Rämö (2005) found, 40 days after application, 
glyphosate concentrations of up to 2.7 mg kg−1 dry weight in roots of glyphosate-treated 
weeds, while glyphosate concentrations detected in 0–5 cm and 5–35 cm soil layers were only 
0.17 and 0.07 mg kg−1 dry weight. Also in a later study, Laitinen et al. (2007) reported 
considerably higher concentrations of glyphosate stored in roots in comparison to soil.  
A release of glyphosate by roots was first shown in a study of Coupland and Caseley (1979) 
who reported that intact quackgrass roots (Agropyron repens L.) exuded significant amounts 
of 14C-glyphosate into the surrounding solution. Neumann et al. (2006) investigated the 
potential transfer of foliar-applied glyphosate, released from roots of weed plants to 
simultaneously cultivated non-treated indicator plants (sunflower seedlings - Helianthus 
annuus L.) in hydroponics and in soil culture systems. Results of Neumann et al. (2006) 
demonstrated a release of glyphosate via the roots of target plants, which can be subsequently 
taken up by simultaneously growing non-treated plants, exerting inhibitory effects on the 
shikimate pathway, uptake of micronutrients (Mn) and plant growth. Similarly, damage of 
plants after root exposure to glyphosate has been reported by other scientists (Rodrigues et al., 
1982; Pline et al., 2002a, 2002b; Guldner et al., 2005; Tesfamariam, 2009). However, the 
underlying causes and practical relevance of these findings remained unclear due to 
limitations of the experimental set-up (e.g. growth conditions, glyphosate application). 
 
Results of model experiments conducted in the present study with sunflower (Chapter 4), 
wheat (Chapter 5) and soybean (Chapters 6) clearly supported the hypothesis that damage of 
wheat was caused by phytotoxic glyphosate stored in root tissue of glyphosate-treated weed 
plants. 
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In sunflower, grown on an acidic sandy Arenosol (pH 4.8) or on calcareous subsoil of a 
Luvisol (pH 7.4), analysis of intracellular shikimate accumulation, metabolic indicator for 
glyphosate toxicity, revealed that the risk of toxic effects, induced by pre-crop glyphosate 
application on rye grass (Lolium perenne L.), increases with declining waiting time and can 
persist up to 3 weeks (Tab. 4.1, 4.2; Fig. 4.3, 4.4).  
Toxicity of pre-sowing glyphosate treatments on sunflower seedlings was also strongly 
dependent on the mode of glyphosate application (Tab. 4.1, 4.2; Fig. 4.1-4.4). When 
glyphosate was sprayed on pre-cultured rye grass seedlings, detrimental effects on plant 
growth and the Mn nutritional status, as well as increased intracellular shikimate 
accumulation in the root tissue were stronger expressed than after direct soil application of the 
same amount of glyphosate (Fig. 4.3-4.6). In this case, it is clear that glyphosate transfer took 
place in weed residues but since shoots and roots of glyphosate-treated weed plants remained 
in the pots, transfer of glyphosate might have occurred in the soil via the rhizosphere but also 
above soil by leaf contact between weeds and crops.  
Model experiments in the present study, simulating conditions of field trials by using different 
field soils, showed that short waiting time between glyphosate application to wheat as weed 
plant and sowing of winter wheat as crop plant caused, in comparison to control, significant 
damage of plants in terms of deformation of leaves, chlorosis, impaired plant biomass 
production and accumulation of shikimate (Tab. 5.2, 5.3; Fig. 5.4). Interestingly, in these 
experiments, since shoot biomass of glyphosate-treated weed plants was removed before 
germination of non-target wheat plants, glyphosate transfer must have occurred through 
rhizosphere pathway (Tab. 5.2; Fig. 5.4). 
Additionally, model experiments with wheat shown a strong correlation between crop damage 
and the density of glyphosate-treated weed plants. In case of short (0 days) or medium (7 
days) waiting time, glyphosate application on high density weed populations induced 
significantly stronger damage of crop plants compared to application on low densitiy (Tab. 
5.3; Fig. 5.4). Results of experiments with soybean cultivated on an Arenosol (pH 4.8) and a 
Regosol soil (pH 7.1) showed similar results, highlighting that root residues of glyphosate-
treated weed plants in soil cause an increased and prolonged phytotoxic activity of glyphosate 
in soils (Tab. 6.1-6.6; Fig. 6.1-6.5).  
Therefore, it is plausible that root tissue of glyphosate-treated weed plants acts as storage pool 
of glyphosate in the soil, which is released after/during degradation affecting and prolonging 
the time-window of potential glyphosate phytotoxicity to subsequently sown crop plants.  
 
Furthermore, experiments with soybean showed that a decline in shoot and root biomass, 
damage symptoms as well as accumulation of shikimate as indicator of glyphosate toxicity 
were highly correlated to the speed of decay of glyphosate-treated weed plants (Tab. 6.2, 6.4, 
6.6; Fig. 6.2, 6.5).  
This correlation between development, intensity and expression of damage symptoms of 
soybean plants and death of glyphosate-treated weed potentially indicate that glyphosate 
release from treated weed roots might occur in two phases involving (a) exudation of 
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glyphosate from living roots as well as (b) release of glyphosate from decaying root material. 
Speed of death and decay of glyphosate treated weed plants is most likely directly connected 
to factors like growth season (spring or fall application), temperature, water content of soils 
and/or the tillage treatment which might shorten or increase the time window for crop damage 
caused by transfer of glyphosate in the rhizosphere under field conditions. As glyphosate 
adsorption to soils represents an important factor of glyphosate inactivation (Giesy et al., 
2000), soil type might also be one of the most important factors influencing the time window 
for glyphosate-induced crop damage.  
Surprisingly, glyphosate application on weed plants grown on eight different soils induced 
comparable glyphosate damage of sunflower (Chapter 4), wheat (Chapter 5) and soybean 
plants (Chapter 6). This is suggesting that, in case of short waiting times between pre-crop 
glyphosate application and sowing of crop plants, transfer of glyphosate from root residues of 
glyphosate-treated weed plants is primary independent of the soil type.  
However, as observed in Chapter 6, soil types can have profound effects on the growth 
conditions for weed plants influencing the speed of death of glyphosate treated weed plants 
(Tab. 6.1-6.6; Fig. 6.1, 6.2). Plausibly, differences in soil microbial activity might also shorten 
or increase the time window for crop damage caused by transfer of phytotoxic glyphosate in 
the rhizosphere due to differences in degradation of root residues of glyphosate-treated weed 
plants. 
 
In the context of crop production, conservation or no-tillage systems potentially present 
several/ all of the identified conditions for damage of crops induced by rhizosphere transfer of 
glyphosate from weed roots to subsequently cultivated crops. In fact they are characterised by 
the need for effective weed control (e.g. glyphosate application) shortly before sowing as 
essential tool to minimise crop production losses caused by high weed infestations (Lyon et 
al., 1996; Calado et al., 2010). Additionally, minimal disturbance of top soil horizon 
containing glyphosate-treated root during tillage might increase the probability for contact 
between these root residues and following crops. Thus, it seems plausible that these crop 
production systems are particularly at risk for damage of crops after rhizosphere transfer of 
glyphosate from treated weed residues.  
However, actual probability of crop damage caused by short waiting time between glyphosate 
application on weed plants and direct sowing of crops in conservation/no-tillage systems is 
likely to be variable due to the influence of abiotic and biotic growth conditions and might not 
be observed at the same extent every year on field sites.  
In addition, short waiting times between glyphosate application and sowing are actually not 
necessary to avoid yield loss due to competition between crops and weed plants because, as 
the results of field trials of the present study indicated, the well-known excellent weed control 
characteristic of glyphosate can allow long waiting times after glyphosate application without 
yield loss due to high weed pressure.  
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10.1.2 Rhizosphere transfer of glyphosate to crop plants after re-mobilisation from soils 
Compared to other pesticides, glyphosate possesses unique sorption characteristics in soil. 
Almost all other pesticides are moderately to weakly adsorbed in soils, mainly by soil organic 
matter, because most of these molecules are dominated by apolar groups, i.e. aliphatic and/or 
aromatic carbon, and often have only one functional group (Borggaard and Eberling, 2004; 
Schwarzenbach et al., 1993). In contrast, glyphosate, which is a small molecule with three 
polar functional groups (carboxyl, amino and phosphonate groups), is strongly adsorbed by 
soil minerals.  
 
In line with this, results of the present study demonstrated very low soil activity of glyphosate 
under most conditions. In an acidic sandy Arenosol and a calcareous Luvisol subsoil, only a 
waiting time of 0 day between glyphosate application to the soil and sowing of sunflower 
revealed risk of phytotoxic effects of glyphosate on plants as shown by analysis of 
physiological parameters, like intracellular shikimate accumulation as metabolic indicator for 
glyphosate toxicity and the micronutrient status (Tab. 4.1, 4.2; Fig. 4.3, 4.4). Similarly, after 
an application of glyphosate to an Arenosol and a Regosol, no indication for glyphosate-
induced damage of soybean was detectable (Tab. 6.1, 6.3, 6.5). 
 
However, glyphosate has been suggested to adsorb to soils and minerals by ligand exchange 
through its phosphonic acid group in a way similar to the adsorption of phosphate (Piccolo et 
al., 1992; Hill, 2001; Hance, 1976; Dion et al., 2001; Gimsing and Borggaard, 2002a, 2002b). 
Accordingly, it has been suggested that phosphate and glyphosate compete for adsorption 
sites. Various studies showed that the presence of phosphate significantly decreased the 
adsorption of glyphosate to the soils (Gimsing and Borggaard, 2002a, 2002b; Borggaard and 
Gimsing, 2008), Therefore, bioavailability of glyphosate to plants can potentially be altered 
by fertiliser application and/or plant strategies for P mobilisation leading to a re-mobilisation 
of glyphosate previously fixed to the soil matrix. 
 
In the present study (Chapter 8), a series of bioassays in pot experiments were conducted with 
conventional soybean cultivated on five contrasting soils with or without pre-incubation of 
soils with glyphosate 10-35 days before sowing of plants and application of five different 
levels of inorganic P fertiliser at sowing. On an Arenosol (pH 4.8), Acrisol (pH 5.0), Luvisol 
(pH 7.4) and a Ferralsol (pH 5.0), application of P fertiliser to soils pre-incubated with 
glyphosate induced visual symptoms of plant damage, declined shoot and root growth, 
impaired nutritional status and accumulation of shikimate as indicator of glyphosate toxicity 
(Tab. 8.2-8.7; Fig. 8.1). First, these results indicated that on a wide range of soil types, re-
mobilisation of glyphosate represents a potential pathway for damage of crops. Second, they 
gave clear indications that inactivation of glyphosate by adsorption to the soil matrix can be a 
reversible process under specific conditions, such as application of phosphorus fertiliser.  
 
However, in this experiment, soil dependent differences in intensity of damage due to P-
induced re-mobilisation of glyphosate were observed and on a Regosol (pH 7.1), no evidence 
for damage of soybean after re-mobilisation of glyphosate was shown (Tab. 8.2-8.5). These 
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results can be explained by differences between the soil types in terms of strength of 
P/glyphosate-fixation (Tab. 8.2-8.7; Fig. 8.2, Fig. 8.3). 
In conformity with phosphate chemistry, the main soil sorption sites of glyphosate and 
aminomethylphosphonic acid (AMPA), the phytotoxic primary metabolite of glyphosate in 
soils (Reddy et al, 2004, Laitinen et al, 2008), are found on surfaces of iron and aluminium 
oxides, poorly ordered aluminium silicates and edges of layer silicates, while sorption of 
glyphosate by permanent charge layer silicates seems to be limited (Barja and Dos Santos 
Afonso, 2005; Gimsing and Borggaard, 2002a, 2002b; Gimsing et al., 2004; Vereecken, 2005 
and references cited therein). 
Damage of soybean plants caused by re-mobilised glyphosate was positively correlated to 
increasing soil levels of plant-available Fe and generally increased on acidic soils (Fig. 8.2). 
Increasing of pH has been found to decrease the amount of glyphosate adsorbed by 
iron/aluminium oxides as well as soils (Sheals et al., 2002; Barja et al., 2005). These findings 
suggest that a significant proportion of phosphate-exchangeable glyphosate may be adsorbed 
to the plant-available Fe fractions in the investigated soils.  
Therefore, expression of plant adaptations for root-induced Fe mobilisation may also be 
associated with a risk of glyphosate re-mobilisation (Neumann and Römheld, 2007). 
Beside this, in these experiments, glyphosate-induced plant damage correlated with increasing 
sand content (Fig. 8.3) and inversely correlated to increasing soil organic matter contents of 
the evaluated soils (Tab. 8.1-8.7). Potential risks for non-target plant damage was reported to 
be increased on light sandy soils due to weak adsorption and/or low microbial degradation of 
glyphosate (Cornish, 1992). In the present study, big soil particle size on sandy soils might 
also increase the chance for re-mobilisation of glyphosate due to lower numbers of adsorption 
sites and therefore higher competition with phosphate. 
In comparison to the other soils the Regosol had a considerably higher soil organic matter 
content and second highest pH, which might have induced lower glyphosate adsorption 
capacity of the soil (Gimsing et al., 2004). Mineralisation/ degradation of glyphosate in soil 
has been found to be inversely correlated with the glyphosate sorption capacity of the soil (De 
Jonge et al., 2001; Wackett et al., 1987), i.e. if adsorption of glyphosate is strong, 
mineralisation/degradation of glyphosate is low, possibly because bioavailability is low. Thus, 
potentially soil conditions of the Regosol were favourable for glyphosate degradation during 
pre-incubation due to low glyphosate adsorption. Investigations have shown that soil sorption 
of glyphosate is not, or is sometimes negatively, correlated with soil organic matter content 
which potentially increases the potential for glyphosate degradation. Additionally, higher 
microbial activity due to higher soil organic matter content might have increased the potential 
for glyphosate degradation during incubation period.  
By contrast, Piccolo et al. (1992, 1994) reported very high glyphosate sorption by four 
different purified humus samples. Chemical interactions between glyphosate and soil organic 
matter and/or humic substances are possible by the phosphonic acid group as well as the 
amin-group and/or the carboxyl-group. Thus, it is possible that less competition between 
glyphosate and phosphorus due to glyphosate-specific binding sites on soil organic matter 
caused low potential for P-induced re-mobilisation of glyphosate.  
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Therefore, results of the present study suggested that differences between soils in terms of 
potential risks for damage of plants caused by re-mobilisation of glyphosate most likely are 
related to their glyphosate adsorption- and/ or degradation capacity. 
 
In the context of crop production, in contrast to crop damage observed under field conditions 
in case of short waiting times after glyphosate weeds application, the relevance of glyphosate 
re-mobilisation as risk factor for crops under field conditions is not entirely clear. 
Nevertheless, soils with a low or moderate fixation capacity for glyphosate and phosphate, 
low potential for glyphosate degradation and frequent applications of glyphosate and P 
fertilisers, as well as cropping systems with limited soil perturbation are potential candidates 
for increased risk of crop damage due to glyphosate re-mobilisation. These conditions are 
likely to occur in no-/ minimal tillage systems with glyphosate pre-crop application or in 
cropping systems with a rotation of glyphosate-resistant and non-resistant crops particularly 
on sandy and/or acidic soils. This applies particularly to cropping systems in the tropics and 
subtropics on soils with low nutrient availability requiring high input of fertiliser P. 
 
However, as showed in the present study, desorption of glyphosate by competition with P can 
occur also on calcareous high pH soils after P fertilisation (Tab. 8.3-8.5). Therefore, potential 
re-mobilisation of glyphosate might be also a risk factor in European soil and crop production 
conditions. Interestingly, severe crop damage has been repeatedly observed in case of long-
term glyphosate use in no-tillage winter wheat production system in South Germany 
(Hirrlingen/Tübingen). However, it is so far uncertain if re-mobilisation of glyphosate 
induced by competitive ad/desorption of phosphate are responsible for the symptoms 
observed (Fig. 10.1). 
Hypothetically, depending on soil characteristics, the re-mobilisation of glyphosate might also 
be induced by acidification of the rhizosphere, due for instance to fertiliser application of 
NH4+ with nitrification inhibitors.  
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Fig. 10.1: Growth and development of field grown winter wheat depending on time of continuous 
glyphosate use 
Growth and development of field-grown winter wheat (Triticum aestivum L.) growing in a no-tillage 
cropping system at same field site near Hirrlingen (Southwest Germany) in case of glyphosate pre-crop 
application for 1 year (left) or 10 years (right). Except of glyphosate application, field site is managed in 
regard to sowing date, fertilisation, and pesticide application etc. identically for several years. 
 
 
Recommendations of management practices to counter the risk for potential re-mobilisation of 
glyphosate are not easy. Farmers in sensitive cropping systems (e.g. no tillage systems) 
should be informed about the possibility of glyphosate re-mobilisation and cautioned to 
observe their crops after activities with the potential for a re-mobilisation of glyphosate such 
as P fertilisation. The most promising strategy to avoid risk for re-mobilisation of glyphosate 
in sensitive cropping systems seems to be the avoidance of a temporary build-up of 
glyphosate most likely caused by repeated application within a short time period. In fact, 
observation of good agricultural practice, e.g. the changing of herbicides to avoid spread of 
resistance of weeds against specific compounds, might be the most simple and practical tool 
to avoid risks for crop damage associated to a re-mobilisation of glyphosate from soil matrix.  
 
10.2 Alternative causes for crop damage 
As already mentioned (Section 10.1.1), results of four independent field experiments 
indicated a direct correlation between short waiting time after glyphosate application, damage 
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of winter wheat (Tab. 5.1) and nutritional status of plants (data not shown). In addition to a 
rhizosphere transfer of the glyphosate, these results might be due to a stimulation of root 
pathogens by the decaying weed residues and/or the release of allelopathic compounds 
(Smiley et al., 1992; Descalzo et al., 1998; Dudai et al., 2009). Moreover, in soils, glyphosate 
is degraded to its primary metabolite aminomethylphosphonic acid (AMPA), which is also 
considered as phytotoxic (Reddy et al., 2004). Therefore, observed damage under field 
conditions might have been induced by one or several of these additional causes. 
 
10.2.1 Toxicity of AMPA as cause for crop damage 
Experiments with wheat evaluating the toxicity of glyphosate and AMPA as its main 
metabolite in soils under hydroponic conditions and in germination tests on filter paper 
(Chapter 5) gave clear indications that damage of wheat in terms of leaf deformations, 
impaired shoot and root growth and accumulation of shikimate, as observed in field trials and 
model experiments, was caused by glyphosate phytotoxicity (Fig. 5.2). In contrast to root 
exposure, results of seed exposure to glyphosate and AMPA revealed significantly impaired 
germination in case of exposure to AMPA but not glyphosate (Fig. 5.2).  
An effect of AMPA on germination of plants has not been reported so far. The reasons for a 
differential phytotoxicity of glyphosate and AMPA depending on the developmental stage of 
plants are not further investigated in the present study and not entirely clear. Interestingly, a 
decline of germination and/or crop emergence was repeatedly detected when glyphosate was 
applied to dense weed pre-culture (Tab. 5.3, 6.1, 6.2). Similarly, at the field trial in Starzach, 
reduced crop density was detectable already during emergence of winter wheat (data not 
shown). As results of Reddy et al. (2004) indicated, AMPA is considered as considerably less 
phytotoxic compared to glyphosate. Therefore, phytotoxic AMPA levels in the rhizosphere 
might only occur when a large amount of glyphosate is exuded/ released by a high density of 
treated weed plants.  
 
The reasons for differences in phytotoxicity of glyphosate and AMPA depending on the 
developmental stage of plants are not further investigated in the present study and not entirely 
clear. Due to the potential difference in phytotoxicity of glyphosate and AMPA depending on 
the developmental stage of plants, heterogeneity of damage symptoms in crop plants may 
arise under field conditions, depending on whether glyphosate or AMPA or both are present 
in a damaging amount in the sensitive developmental stage of crop plants.  
 
10.2.2 Increased infection with soil-borne pathogens and/or allelopathic effects of weed 
residues as cause of crop damage 
In winter wheat, the “green bridge” provided by volunteer cereals growing in summer is 
important for maintaining the life cycle of several pathogens (viruses, bacteria, fungi) and 
insect pests (Jiang et al., 2005). Several studies reported increase of infection of wheat with 
fungal pathogens (Fusarium, Phytium, Rhizoctonia), or via the “green bridge”, when total 
herbicides were used to control weeds shortly before sowing of cereals (Smiley et al., 1992; 
Descalzo et al., 1998; Powell and Swanton, 2008).  
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In the present study, infection of winter wheat by soil-borne pathogens (Fusarium, Phytium 
and/or Rhizoctonia) was detectable by PCR and pathogen-specific primers in damaged plants 
in case of short waiting time after glyphosate or Basta® application at the field sites of 
Tauberbischofsheim and Dusslingen. These analyses, conducted by IdentXX, were 
preliminary investigations using a single, damaged plant per treatment in growth stage BBCH 
30-31. Therefore, observed damage of winter wheat in the field trials of the present study 
might have been caused by pathogen infection (Tab. 5.1; Fig. 5.1, 5.3) but the results have to 
be used with caution.  
 
The observed increase in pathogen infection could have been caused by one or a combination 
of following factors: 
 
(a) A transfer of pathogens via an intact green bridge in case of short waiting after pre-crop 
glyphosate application (Smiley, 1992; Descalzo et al., 1998; Powell and Swanton, 2008). 
 
(b) Toxic effects of glyphosate or its main metabolite AMPA on plants inducing increased 
susceptibility of plants to soil borne pathogens (Johal and Huber, 2009; Kremer and Means, 
2009; Kremer et al., 2005; Yamada et al., 2009; Johal and Rahe, 1984, 1988, 1990). 
 
(c) Effects on soil microflora e.g. direct promotion of soil borne pathogens by glyphosate or 
AMPA acting as C- or P-source for specific pathogenic microorganisms and/or suppression of 
microorganisms antagonistic to these pathogens caused by toxic effects of glyphosate or 
AMPA effects. 
 
(d) Glyphosate-induced impairment of the micronutrient as important physiological co-factors 
for mechanisms of plant disease resistance.  
 
 
Beside pathogen infection, damage of winter wheat observed at different field sites in the 
present study might have been caused by allelopathic effects of decaying plant material of 
weeds (Tab. 5.1; Fig. 5.1, 5.3). It is known that residues of weed plants in soil can cause 
allelopathic effects on wheat (Dudai et al., 2009). Similarly, autotoxicity of wheat residues 
has been reported in wheat monocultures under conventional and no-tillage conditions 
(Waller et al., 1987).  
 
However, biotic and abiotic factors can influence the production of allelochemicals by plant 
species and modify the effect of an allelochemical on crop plants. Factors such as soil type, 
light, nutrient availability, water availability, pesticide treatment and disease can affect the 
amount of allelochemicals in a plant (e.g. Inderjit & Del Moral, 1997, Reigosa et al., 1999). 
And even though the production of allelochemicals in a plant increases in response to stress, it 
is not clear whether a corresponding release of allelochemicals to the environment also occurs 
(Einhellig, 1996; Inderjit and Del Moral, 1997). In parallel, sensitivity of plants to 
allelochemicals is typically increased by stress conditions (Einhellig, 1996, Reigosa et al., 
1999). 
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Interestingly, several groups of compounds with known allelopathic potential like 
benzoxazinoids, glucosinolates and others (e.g. ferulic acid, p-hydroxybenzaldehyde, emodin, 
physcion, p-hydroxybenzaldehyde, p-hydroxybenzoic acid, oligostilbenes) (Inderjit, 1996) are 
likely linked to physiological phytotoxic effects of glyphosate via the shikimate pathway. 
Thus, inhibition of the shikimate pathway by phytotoxic glyphosate in weed plants might 
affect the allelopathic potential of weed residues due to changes in contents of plant 
secondary metabolites. Whether inhibition of the shikimate pathway by glyphosate increase 
the allelopathic potential of weed residues e.g. by accumulation of potentially allelopathic 
compounds or decrease the allelopathic potential of weed residues due to impaired formation 
of benzoxazinoids glucosinolates and other compounds is not systematically investigated so 
far. Potentially, inhibition of the shikimate pathway by glyphosate causes a lower initial 
allelopathic potential of weed residues but accumulated precursors of allelochemicals in 
plants tissue might also be subsequently degradated to allelopathic compounds by soil 
microorganisms during decomposition of weed roots (Inderjit, 2005).  
 
 
In order to differentiate potential damage caused by allelopathic effects of weeds, soil-borne 
pathogens or glyphosate transfer in the model experiments of the present study, genetically 
modified glyphosate-resistant (GR) soybean cultivars have been used as additional controls 
and cultivated under the same conditions as their near-isogenic glyphosate-sensitive (GS) 
parents (Chapter 6). In fact, they are approx. 50 times less sensitive to glyphosate than their 
parental glyphosate-sensitive (GS) genotypes (Nandula et al., 2007) but not significantly 
different in their sensitivity to allelopathic compounds (Norsworthy, 2004c) or soil-borne 
pathogens (Johal and Huber, 2009; Kremer et al., 2005; Kremer and Means, 2009).  
In GS soybean, significantly reduced plant biomass, intracellular shikimate accumulation as 
physiological indicator for glyphosate toxicity and a decreased nutritional status of plants 
were observed in case of glyphosate plant application (Tab. 6.1, 6.3, 6.5; Fig. 6.4). 
Significantly weaker expressed damage was observed in GR soybean plants (Tab. 6.1, 6.3, 
6.5; Fig. 6.4). These results gave further evidence that, at least in the model experiments of 
the present study (Chapter 4, 5, 6), rhizosphere transfer of glyphosate was the primary cause 
for plant damage. 
 
Potentially, the observed increase in soil-borne pathogens infection under field conditions was 
rather a consequence of weak crop plant development due to glyphosate-transfer from weeds 
(Tab. 5.1; Fig. 5.1, 5.3) than the primary cause of crop damage. However, it should not be 
ruled out that, short waiting times between glyphosate application of weeds and sowing of 
crops might directly and/or indirectly increase the potential for crop damage due to pathogen 
infection via a green bridge or allelopathic effects caused by decaying weed residues.  
 
Under field conditions, again, in conservation-/ no-tillage systems, minimal soil movements 
cause a build-up of residues of crops and weeds in the growth horizon of crop plants, which is 
potentially increasing risks of crop damage associated to soil-borne pathogen or allelopathic 
effects of weed residues (Alleto et al., 2010). Even so the exact interactions between pre-crop 
glyphosate application shortly before sowing and potential for increased pathogen pressure 
and/or allelopathic effects remained unclear, farmers should be informed that, under these 
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conditions, unexpected and atypical damage of crops can occur, which might be related to 
effects of glyphosate application shortly before sowing. 
 
10.3 Effects of glyphosate in the rhizosphere on crops 
10.3.1 Differences in susceptibility of plant species to glyphosate in the rhizosphere 
In order to evaluate potential differences between plant species in response of glyphosate in 
the rhizosphere, important crop plant species such as soybean, maize (Zea maize L.) and 
winter wheat were cultivated under hydroponic conditions after short-term exposure of roots 
to low glyphosate concentration (Chapter 7). Evaluation of visual symptoms of glyphosate 
toxicity, such as chlorosis in young meristematic tissue of leaves (Tab. 7.1), speed of plant 
development (Fig. 7.1) and plant biomass production (Tab. 7.2, 7.3) suggested a sensitivity in 
the order soybean < maize ≤ wheat. Similarly, determination of shikimate concentrations in 
roots as physiological indicator of glyphosate toxicity (Fig. 7.3) and evaluation of the 
nutritional status of plants (Tab. 7.4) indicated a higher sensitivity of maize and wheat in 
comparison to soybean. Results indicating differences in sensitivity of plant species to 
phytotoxic glyphosate in the rhizosphere have not been reported so far and the underlying 
mechanisms remained not fully understood.  
 
Detection of chlorosis and significantly impaired shoot growth in maize and wheat but not in 
soybean (Tab. 7.1-7.3) potentially indicate that differences in mobility of glyphosate in plants 
e.g. a low translocation of glyphosate from roots to shoots, were responsible for differences in 
sensitivity to glyphosate toxicity. Limited translocation of glyphosate from roots to shoots 
(soybean < maize ~ wheat) might lead to a lower sensitivity of soybean to phytotoxic 
glyphosate because of a limited disruption of shoot crucial physiological processes e.g. in 
chloroplasts.  
Differential sensitivity of plant species to phytotoxic glyphosate in the rhizosphere may also 
be attributed to particularly high ability of soybean for in planta conversion of glyphosate to it 
primary metabolite AMPA (Reddy et al., 2004; Nandula et al., 2007). It has been suggested, 
that a plant glyphosate oxidoreductase (GOX) or similar type of enzyme catalyses this 
conversion. Reddy et al. (2008) showed in a comparison of plant species, that after leaf 
application of glyphosate, the metabolite AMPA was detectable in six of seven leguminous 
species, but only one of four non-leguminous species. Therefore it is possible, that in the 
present study the high ability of soybean for conversion of glyphosate to AMPA contributed 
to low susceptibility to glyphosate toxicity. Accordingly, maize and wheat plants which most 
likely lack the ability for internal glyphosate detoxification by conversion to AMPA, were 
affected by phytotoxic glyphosate during a prolonged time span and therefore significantly 
stronger damaged than soybean (Tab. 7.2, 7.3). The conversion of glyphosate to AMPA might 
also explain why shikimate concentrations in roots of soybean were significantly lower 
compared to maize and wheat (Fig. 7.3). 
 
Beside plant species specific sensitivity to glyphosate toxicity, results of experiments under 
hydroponic conditions indicated also differences between plant species in their ability to 
recover after exposure to phytotoxic glyphosate (Tab. 7.2, 7.3). Again, soybean showed a 
higher ability for recovery compared to maize and wheat, but winter wheat also showed a 
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considerable ability of recovery, given its high sensitivity and strong damage (Tab. 7.2, 7.3). 
Results are in line with field observations which frequently reportes only transient damage 
and complete recovery of soybean until final harvest, in case of foliar exposure to glyphosate 
by drift (Norsworthy, 2004c).  
Even though growth conditions were not absolutely identical, it is interesting to note that 
wheat (Tab. 5.2; Fig. 5.4) and soybean (Fig. 6.4, 6.5) both considerably recovered after 
damage caused by glyphosate application on weed plants and reached a biomass of 50-60 % 
of control plants, while sunflower reached only a biomass of 10% of control (Tab. 4.1, 4.2).  
 
The ability of plants to recover from glyphosate toxicity in the rhizosphere might also explain 
results of field experiments in the present study, where a small yield loss of in average 10% 
was measured at final harvest (Fig. 5.5), in contrast to the significant damage observed at 
juvenile growth stages (Tab. 5.1; Fig. 5.1). However, an additional explanation, based on the 
observation of lower plant density in case of short waiting times after pre-crop glyphosate 
application, might be that lower plant density (Fig. 5.5) caused a higher N-availability per 
plant and thus promoted plant recovery.  
Obviously, both aspects, differences in the sensitivity of crops to glyphosate toxicity and in 
their ability for recovery after initial damage, have potential implications for agricultural crop 
production. Under field conditions, likelihood and severity of crop damage most likely 
increase in case of cultivation of potentially highly sensitive crop plant species like wheat or 
maize. Moreover, similarly to the time window for glyphosate transfer from root residues of 
glyphosate-treated weed plants, the ability of crop to recover after glyphosate toxicity is 
strongly influenced by biotic and abiotic conditions present at the field site at time of 
exposure of crop plants to glyphosate. Arguably, all biotic and abiotic stress factors, for 
instance pathogen pressure, allelopathic effects of weed plants, cold stress, drought stress, 
limited nutrient supply or oxidative stress due high light intensity, will have an impact on the 
ability of crops to recover from glyphosate toxicity and influence the severity of crop damage 
and yield loss under field conditions.  
Again, depending of the transfer pathway of glyphosate via (a) weed roots or (b) re-
mobilisation from soil matrix adequate waiting times and good agricultural practice such as a 
regular change of herbicides used (Powles, 2008) seem to be promising strategies avoid 
damage of crops by glyphosate toxicity and keep the excellent weed control abilities of 
glyphosate and thus improve application of an very important tool of modern intensive 
agriculture. 
 
10.3.2 Expression of damage symptoms and hormonal effects 
 
Results of the present study gave very clear indications that root growth (e.g. elongation of 
main root) is also primarily affected by glyphosate toxicity, in case of root exposure to 
glyphosate in the rhizosphere (Tab. 4.1, 4.2, 8.1, 8.2; Fig. 4.1, 7.2, 8.1, 9.1).  
Impaired elongation of main roots might prevent roots to grow out of a glyphosate containing 
phytotoxic soil horizon, while formation of adventivious and lateral roots in this phytotoxic 
soil horizon might enhance the likelihood for re-intoxification of plants by glyphosate. 
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Strongly impaired root growth most likely results in impaired nutrient acquisition. 
Additionally, glyphosate-induced impaired elongation of main roots observed in the present 
study (Fig. 4.1, 7.2, 8.1) potentially results in shallow root systems and increases 
susceptibility to water shortage/ drought stress. Therefore, it is expectable that under field 
conditions drought resistance of crops affected by glyphosate toxicity will be significantly 
declined. Since scientists predicted increased incidents of drought periods caused by global 
warming in the near future, there is the potential for increase of crop damage caused by 
glyphosate-induced inhibition of root growth.  
 
Based on its primary mode of action, glyphosate is generally classified as an aromatic amino 
acid biosynthesis inhibitor (Hoagland and Duke, 1982; Cole, 1988; Duke and Hoagland 
,1985). However, expression of atypical symptoms (e.g. morphology of roots, deformation of 
leaves and delay of senescence) of glyphosate phytotoxicity observed in the present study in 
wheat (Fig. 5.1) and soybean (Fig. 6.3, 8.1) indicated hormonal imbalances in plants even 
after recovery from initially glyphosate toxicity.  
Inhibition of the shikimic acid pathway leading to the disruption of synthesis of aromatic 
aminoacids and phenolic compounds plausibly causes also strong disturbance of the auxin 
(IAA) status of plants as important secondary effect (Hoagland, 1990; Matschke et al., 2002; 
Yasuor et al., 2006). Additionally, high accumulation of phytotoxic glyphosate in root tips 
most likely affects formation of cytokinin. In line with this, Sergiev et al. (2006) could show 
that application of phenylurea cytokinin alleviated symptoms of glyphosate toxicity in maize.  
 
Expression of atypical symptoms of glyphosate phytotoxicity observed in the present study in 
wheat (Fig. 5.1) and soybean (Fig. 6.3, 8.1) can be potentially explained by altered 
translocation of glyphosate in plants in case of re-mobilisation of glyphosate in the 
rhizosphere. Allister et al. (2005) demonstrated different glyphosate distribution patterns 
within plants, depending on leaf or root exposure to glyphosate. In case of foliar application, 
80 % of applied glyphosate was translocated to the shoot meristems and young leaves. By 
contrast, up to 75 % of glyphosate remained mainly in the young root tissues when the 
herbicide was supplied to the roots. This may also imply a different expression of plant 
damage symptoms. While foliar glyphosate application leads to direct expression of toxicity 
symptoms such as chlorosis and necrosis of young leaves within several days, more indirect 
symptoms can be expected after root exposure to glyphosate, mainly as a consequence of an 
impairment of root function, e.g. limited acquisition and translocation of water (Zobiole et al., 
2010b) and nutrients (Neumann et al., 2006) or of hormonal signals such as cytokinins 
(Sergiev et al., 2006).  
 
Under field conditions, expression of atypical symptoms in case of glyphosate in the 
rhizosphere might lead to the misinterpretation of causes of damage. In fact, the attribution of 
symptoms of damage in GR soybean (e.g. deformation of primary and trifoliar leaves, 
cupping and coiling of emerging trifoliar leaves, dark green leaves, Fig. 6.3) to re-
mobilisation of growth regulator herbicides like Clarity, Banvel or 2,4-D by glyphosate 
formulations from tanks, if tank cleanout had been inadequate (Taylor, 2002) could be an 
example for such a misinterpretation.  
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Potentially, long-lasting effects of glyphosate toxicity on hormonal status of plants are also 
responsible for the delay of ripening/senescence of crops observed in the present study in case 
of short waiting times between pre-crop application and sowing of winter wheat under field 
conditions (data not shown).  
Depending on the environmental growth conditions, a delay of senescence/ ripening is not 
necessarily negative. But a delay in plant development and senescence might cause yield loss 
under field conditions under distinct circumstances.  
 
10.3.3 Glyphosate-induced impairment of nutritional status of plants 
An increasing number of publications have reported glyphosate-induced impaired micro- and/ 
or macronutrient (e.g. Mn, Zn, Fe and Ca) acquisition, uptake, translocation from roots to 
shoots, retranslocation within shoots or intracellular utilisation under experimental as well as 
field conditions in non-resistant as well as glyphosate-resistant plant species (Sprankle et al., 
1975c; Duke et al., 1983; Subramaniam et al., 1988; De Ruiter et al., 1996; Neumann et al., 
2006; Gordon et al., 2006; Eker et al., 2006; Ozturk et al., 2008; Cakmak et al., 2009; Zobiole 
et al., 2010a).  
 
In line with this, in the present study, glyphosate-induced impaired acquisition of mineral 
nutrients was observed in model experiments with sunflower (Fig. 4.5, 4.6), wheat (Tab. 7.4) 
and GS soybean (Tab. 8.5, 8.6; Fig. 6.5) as well as GR soybean (Tab. 9.2; Fig. 6.4, 9.2).  
Based on its chemical properties, glyphosate acts as potent chelator of di- and trivalent cations 
potentially causing negative effects on nutrient availability for crop plants. According to Eker 
et al. (2006), formation of poorly soluble glyphosate-metal complexes is possibly the main 
factor responsible for the antagonism between glyphosate and cationic micronutrients. 
Additionally, Ozturk et al. (2008) demonstrated a glyphosate-induced inhibition of iron 
reductase activity at the plasma membrane of root cells, limiting the iron acquisition of 
sunflower plants. 
Recently, Cakmak et al. (2009) showed that glyphosate rates between 0.6 and 1.2 % of the 
recommended application rate for weed control affected not only micronutrients but also 
induced a declined concentrations of Ca and Mg in young leaves and seeds of conventional 
soybean plants. According to Cakmak et al. (2009), young leaves, shoot tips and seeds are 
highly sensitive to small changes in Ca concentrations due to their low transpiration capacity. 
Accumulation of glyphosate in such sink organs with low Ca concentration would induce 
physiological Ca deficiency by complexing Ca.  
 
Thus, based on the well-documented ability of glyphosate to form stable complexes with 
metal cations such as Al, Fe, Zn, Mn and Ca (Sprankle et al., 1975c) may induce internal 
micronutrient deficiencies, although total micronutrient leaf concentrations might be in the 
adequate range.  
 
In the present study, in order to assess a possible physiological immobilisation of 
micronutrients in young leaves of glyphosate-treated plants by metal complexation with 
glyphosate (Sprankle et al., 1975c), leaf tissue of glyphosate-treated GR soybean was 
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extracted with 80 % ethanol in order to separate the low molecular weight (LMW) soluble 
fraction containing potential metal complexes with glyphosate, from high molecular weight 
(HMW) compounds (Chapter 9). However, micronutrients in the ethanol-soluble LMW 
fraction of young leaves obtained from glyphosate-treated and non-treated control plants in 
soil culture were not significantly different (Tab. 9.2). This suggests that, at least in the 
experiments of this study (Chapter 9), there was no increased partitioning or immobilisation 
of micronutrients in the LMW fraction by complexation with glyphosate, which could limit 
the availability of micronutrients for their physiological function in membrane stabilisation 
and enzyme interactions in the HMW fraction of young leaves (Cakmak, 2000). However, a 
possible micronutrient immobilisation in the root tissue by complexation with glyphosate, 
which may limit the translocation of micronutrients to the shoots still needs to be investigated. 
 
In the present study, negative effects of glyphosate on the nutritional status of plants were 
consistently observed, but strongly varied between the different culture systems (hydroponics, 
soil culture, field trials) and different different soils (Tab. 7.4, 8.5, 8.6, 9.2; Fig. 4.5, 4.6, 6.4, 
6.5, 9.2). Therefore, these results suggest a strong interrelationship with growth conditions 
and environmental factors.  
Potentially, glyphosate-induced impaired Mn, Zn, Fe, Mg or Ca status of plants observed in 
various experiments under field-, soil- and hydroponic conditions can limit plant growth due 
to negative effects on photosynthesis, on plant own defence mechanisms against abiotic and 
biotic stresses as well as on hormonal metabolism (Marschner, 1995, Cakmak et al., 1996). 
Based on its phytotoxic mode of action, glyphosate itself targets photosynthesis, plants own 
defence mechanisms and hormonal status (Zobiole et al., 2010a, Kremer et al., 2005, Sergiev 
et al., 2006). Thus, the possibility of an additive detrimental effect of glyphosate and/or 
AMPA on plants due to phytotoxicity and impaired micronutrient bioavailability seems 
plausible. 
 
In summary, findings of the present study suggest that the declined concentration of mineral 
nutrients in shoots of plants is rather the consequence than the cause of impaired plant growth 
induced by glyphosate application. In line with this argument, calculations of nutrient 
contents frequently revealed also significant negative effects on the K or P status of plants 
(data not shown), which are generally not considered to be complexing partners of glyphosate.  
 
Thus, impaired nutritional status of plants is most likely an important but secondary effect of 
glyphosate and/or AMPA toxicity to GS- and GR-crop plants. Under field conditions, 
glyphosate-induced inhibition of root growth most likely will affect nutrient acquisition of all 
nutrients leading to potential deficiency of different nutrients depending on their plant 
availability on a specific field site and therefore leading to a limitation of plant growth. For 
example, in case of Mn, Zn and Fe as important mineral nutrients, negatively affected by 
glyphosate as the present study (Tab. 8.6; Fig. 4.5, 4.6, 6.4, 6.5), plant availability is 
particularly limited in calcareous soils.  
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10.3.4 Hormesis effects of glyphosate 
Growth-stimulating effects of sub-lethal doses of glyphosate (hormesis) have been reported 
for different plant species even so the underlying mechanism(s) remain poorly understood 
(Wagner et al., 2003; Cedergreen, 2008; Cedergreen et al,. 2009; Cedergreen and Olesen, 
2010; Velini et al., 2008). 
In the present study, a growth stimulating effect of glyphosate in the rhizosphere was 
observed on a Regosol soil (Tab. 8.2, 8.3, 8.4). According to Velini et al. (2008), the hormesis 
effect of glyphosate is likely to be related to the molecular target of glyphosate, since the 
effect was not seen in glyphosate-resistant plants and shikimate levels were enhanced in 
plants with stimulated growth. In contrast to this, in the present study, only an increase in 
growth but no accumulation of shikimate was detectable (Tab. 8.2, 8.3, 8.4).  
 
Very low/ non-toxic doses of glyphosate are most likely frequently present under field 
conditions. Thus, under certain conditions glyphosate hormesis might be a factor for better 
plant growth and higher yields. Results of field trials of Cedergreen et al. (2009) with barley 
(Hordeum vulgare L.) indicate increase in grain yield in case of exposure to simulated 
glyphosate drift shortly before grain filling. However, hormesis effects of glyphosate on plant 
growth are, according to Cedergreen et al. (2009), generally not sustained over time. Because 
of this, it is unlikely that glyphosate hormesis caused by pre-crop application of glyphosate 
before sowing of crops will have a substantial positive effect on yields.  
 
10.4 Conclusions 
As conclusion, results of the field trials particularly demonstrated the excellent weed control 
efficiency of glyphosate which is needed in agricultural crop production to achieve highest 
possible yields. However, results of the present study also highlighted potential risks for crops 
associated to the little investigated aspect of glyphosate in the rhizosphere e.g. in roots of 
glyphosate-treated weed plants as pool of phytotoxic glyphosate in soils.  
According to the results of the study, these risks could be minimized by simple management 
tools such as the observation of waiting times between application of glyphosate and sowing 
of crops and the observation of good agricultural practice e.g. alternation of herbicides to 
prevent not only risk for re-mobilisation of glyphosate but also problems associated to 
glyphosate-resistant weeds.  
 
According to the results of the present study, risks of crop plants associated to glyphosate 
toxicity in the rhizosphere is, in more than one way, strongly influenced by biotic and abiotic 
factors. The independency and interactions between these factors are so far not entirely clear 
and should be investigated in future studies to improve the understanding of the behaviour of 
glyphosate in the rhizosphere, the prevention of risks for crop plants and the application of the 
most extensively used herbicide. Therefore, in the next section, a short recommendation of 
future research steps is presented.  
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10.5 Outlooks 
According to the results of the present study, several aspects of glyphosate in the rhizosphere 
should be better investigated to improve the understanding of factors potentially inducing 
and/or contributing to increased risks for crop damage and yield losses in farmers practice and 
to achieve a better and safer application under field conditions in the near future.  
 
10.5.1 Evaluation of abiotic and biotic factors influencing the speed of death and decay of 
glyphosate treated weed residues 
As mentioned above (section 10.1.1), release of glyphosate from treated weed roots and the 
time window of potential crop damage most likely depend on biotic and abiotic factors 
influencing the duration for glyphosate release by living roots (exudation) and release during 
degradation of root residues. Factors such as temperature and/or soil moisture might be 
evaluated in bioassays in model experiments with different waiting times between glyphosate 
application and sowing of crops on field soils with different soil moisture levels and using a 
cooling device to control root zone temperature. Soil moisture levels might be varied in terms 
of different moisture levels for growth of weed plants before application and/or for growth of 
crop plants after application of glyphosate to weed plants.  
 
Similarly to abiotic conditions, biotic factors, such as microbial activity and degradability of 
glyphosate treated weed residues, might affect the time window for potential crop damage by 
glyphosate transfer from weeds to crops through the rhizosphere. These parameters might be 
also evaluated in bioassays with crop plants as indicator of glyphosate toxicity on different 
fresh field soils. Analog to the experiments carried out by Tesfamariam et al. (2009), 
glyphosate might be applied to different weed plant species pre-cultured under hydroponic 
conditions. Shoot or root tissue of pre-cultured weed plants might be incorporated after 
different waiting times before sowing of crops to the different soils. To observe speed of 
degradation of glyphosate-treated weed residues experiments might be carried out in 
rhizoboxes with root observation windows. 
 
10.5.2 Evaluation of factors contributing to damage of crops induced by glufosinate 
(Basta®) application on weed plants observed under field conditions 
Field trials investigating parameters influencing the risk of crop damage induced by short 
waiting time between pre-crop glyphosate application and sowing of plants, need appropriate 
control treatments. According to the experiences of the present study, this cannot be achieved 
without effective tools for weed control in controls application because of the weed pressure. 
 
As the results of field trials of the present study indicate, not only short waiting time between 
pre-crop application of glyphosate but, in contrast to expectations, also application of 
glufosinate (Basta®), which was used as control treatment, caused significant damage of 
crops. Basta® is frequently considered to be a semi-systemic herbicide. However, there are 
also scientific reports indicating a translocation of Basta® to the roots of plants. Thus, the 
causes for damage in case of short waiting time between application of glufosinate (Basta®) 
and sowing of crops, remained unclear, but are potentially caused by a rhizosphere transfer of 
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Basta® to crop plants or by contact contamination of crops during emergence within Basta®-
treated weed shoots.  
 
Potentially, model experiments under soil conditions, with an experimental design analog to 
the model experiments of the present study, investigating transfer pathways of glyphosate 
from treated weed to crops plants might be conducted to evaluate the possibility of transfer of 
Basta® from leaf- or root tissue of weeds to crop plants. 
  
10.5.3 Evaluation of allelopathic effects as source of damage of crop plants 
Particularly under field conditions, damage of crops might have been induced by allelopathic 
effects of glyphosate-treated weed residues. To evaluate this aspect, weed plants might be pre-
cultured under hydroponic conditions. Shoots and roots of weed plants treated and untreated 
with glyphosate or stressed might be harvested, frozen in liquid nitrogen and applied to the 
soil. Potential controls would include application of identical amounts of glyphosate to the 
soil and/or to weed plants cultivated under soil conditions in the same pots, soil without 
glyphosate application and mechanical weeding of weed plants cultivated in the pots.  
 
10.5.4 Evaluation of interactions glyphosate and soil-borne pathogens 
As mentioned above (section), the causal relationship of potential increase in infection of 
crops with soil-borne pathogens like Fusarium and short waiting time between glyphosate 
application on weeds and sowing of crops, are not entirely clear. During his Ph.D research, 
Yusran (2009) was able to establish conditions for successful investigation of the ability of 
plant growth promoting rhizobacteria (PGPRs) for suppression of soil-borne pathogen 
Fusarium oxysporum in tomato plants. Potentially, his growth conditions could be used to 
investigate effects of glyphosate soil application on the severity of damage of tomato caused 
by the pathogen as well as the effect of glyphosate on ability of PGPRs for suppression of 
Fusarium oxysporum. 
 
Additionally, field soil infected with take all (Gaeumannomyces graminis) exists at one of the 
experimental field stations of the University Hohenheim. Model experiments with different 
waiting times between pre-crop application of glyphosate on “self-sown” winter wheat as 
weed plants and sowing of winter wheat as crop plant might be used to evaluate the effect of 
the green bridge as transfer pathway of pathogens and damage of subsequently grown crops.  
 
If this system is established, application of glyphosate to the soil and/or the application of 
shoot and root residues of glyphosate treated weed plants might be used to evaluate whether 
potential of infection of plants is increased by promotion of pathogens by promotion of soil 
borne pathogens by glyphosate directly or not. 
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10.5.5 Evaluation of glyphosate re-mobilisation from the soil matrix and long-term effects 
of glyphosate  
As the present study showed, re-mobilisation of glyphosate from the soil should be considered 
as a possible pathway for glyphosate toxicity to crop plants. Therefore, in line with the 
experiments of the present study, additional soils e.g. field soils from sites where damage was 
previously observed, should be evaluated for potential for re-mobilisation of glyphosate 
induced by application of P fertilisers.  
 
Additionally, the potential for re-mobilisation of glyphosate by expression of root-induced 
mechanisms for phosphorus or iron mobilisation in the rhizosphere, reported for various plant 
species and cultivars (Neumann and Römheld, 2002) might be conducted on different soils 
according to the experimental design of the present study (Chapter 8). Plant strategies of P-/ 
Fe mobilisation potentially can be simulated by application of synthetic root exudates or by 
cultivation of P-/Fe-efficient plants under P-/Fe-limiting soil conditions. Additionally, in 
similar experiments, it could be possible to evaluate the potential for re-mobilisation by 
acidification of the rhizosphere by application of NH4+ fertilisers.  
 
As observations of damage under field conditions near Tübingen (South Germany) have 
indicated, long-term application of glyphosate might induce significant damage. However, the 
underlying mechanisms and their relationship to potential re-mobilisation of glyphosate are 
not clear.  
As a first step, glyphosate-concentrations in soil solution of damaged an undamaged field 
sites might give indications whether glyphosate could be extracted from the soils in a 
damaging amount. Secondly, germination- and/or bio-assays might be performed with 
exposure of plants to soil solution extracted for soil from sites showing substantial damage of 
crops. 
 
10.5.6 Evaluation of differences in sensitivity of crop plant species to glyphosate toxicity 
and factors contributing to enhanced recovery  
Differences in sensitivity of crops to glyphosate toxicity in the rhizosphere and their ability 
for recovery after exposure phytotoxic glyphosate can have potentially important implications 
for agricultural crop production. Therefore, in continuation of the approach of the present 
study, it seems worthwhile to evaluate systematically the sensitivity of important crop plants 
to phytotoxic glyphosate in the rhizosphere.  
 
Furthermore, in a second step, experiments could be conducted to evaluate factors 
contributing to higher ability of plant recovery. Since hormonal imbalances are potentially the 
physiological most long-lasting negative effects of glyphosate toxicity, it seems interesting to 
evaluate the possibility whether application of synthetic phytohormons can mitigate damage 
and symptoms of plant damage. Similarly, leaf application of specific mineral nutrients like 
Mn or Zn might enhance the ability of plants to recover. 
 
In line with this, long-term pot experiments under soil conditions might offer possibilities for 
studying potential management strategies for enhanced recovery of crop plants after exposure 
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to glyphosate. For instance, as field trials and model experiments indicated, short waiting time 
between pre-crop glyphosate application and sowing of crops, frequently causes delayed 
development and decline in crop plant densities. Since it is known that nitrogen can have a 
profound effect on tillering and plant development, both aspects might by manageable by 
timing and form of applied N fertilisation. Loss of plants caused by glyphosate toxicity might 
be partly or completely compensated by enhanced tillering and better development of 
remaining plants. Interestingly, the form of N fertilisation most likely has also an effect on the 
hormonal status of plants and might be a useful tool to alleviate negative effects of glyphosate 
on the hormonal status of plants. 
 
10.5.7 Evaluation of factors contributing to damage of crops induced by glyphosate 
application on weed plants under field conditions 
Results of field trials of the present study gave clear indications for increased damage and 
yield losses in case of short waiting time between pre-crop application of glyphosate and 
sowing of winter wheat. However, many questions related to the exact causes, 
interrelationship between several potential causes, frequency/ likelihood of damage and the 
relationship to factors like site-specific abiotic and biotic conditions, tillage practice and the 
timing of application (e.g. fall vs. spring cropping), remain not properly understood. Beside 
this, the practical relevance of several factors identified in the present study (for instance, 
difference in sensitivity of plant species to phytotoxic glyphosate in the rhizosphere) is not 
clear so far. Therefore, for evaluation of these parameters, additional multi-seasonal field 
trials under real farming conditions are needed.  
 
As mentioned earlier, for a successful evaluation of risk factors associated to glyphosate 
transfer from treated weed root residues to crop plants, appropriate controls are a necessary 
prerequisite. As the present study showed, both application of alternative herbicides like 
Basta® as well as plots without weed control proved to be problematic as control treatments. 
Therefore alternative solutions need to be considered.  
Control treatments with thermal weed control, mechanical weed control or coverage of 
control plots with plastic foil might be an option. However, there is a potential that these 
control treatments have profound effects on soil microorganisms and/or mineralisation of 
nutrients in the soil, which potentially limits the comparability of treatments. Depending on 
the plot size, weeding by hand is most likely too laborious and time consuming. Application 
of alternative non-systemic herbicides might be another possibility. However as results of the 
Basta®-control treatments indicate, potentially unexpected negative effects might occur.  
 
Potentially, better control treatments might not only include one or several of the possibilities 
descripted above, but in addition a positive control in which most likely glyphosate damage of 
crops can be observed. This positive control might be achieved by glyphosate application 
before crop emergence but after starting of germinating of crop seeds, which is because of 
risks for glyphosate-induced crop damage not allowed in agricultural practice.  
References 
 
  
179
11 References 
Ahmadi MS, Haderiie LC, Wicks GA. (1980). Effect of growth stage and water stress on 
barnyardgrass {Echinochloa crus-galli) control and on glyphosate absorption and translocation. Weed 
Sci. 28:277-282. 
 
Albers CN, Banta GT, Hansen PE, Jacobsen OS. (2009). The influence of organic matter on 
sorption and fate of glyphosate in soil – Comparing different soils and humic substances. Environ. 
Pollut. 157:2865-2870. 
 
Al-Kathib K, Peterson D. (1999). Soybean (Glycine max) response to simulated drift from selected 
dufonylurea herbicides, dicamba, glyphosate, and glufosinate. Weed Technol. 13:264–270. 
 
Alletto L, Coquet Y, Benoit P, Heddadj D, Barriuso E. (2010). Tillage management effects on 
pesticide fate in soils. A review. Agron. Sustain. Dev.30: 367–400. 
 
Allister C, Kogan M, Pino I. (2005). Differential phytotoxicity of glyphosate in maize seedlings 
following applications to roots or shoot. Weed Res. 45: 27-32. 
 
Amrhein N, Deus B, Gehrke P, Steinrücken HC. (1980). The site of the inhibition of the shikimate 
pathway by glyphosate II. Interference of glyphosate with chorismate formation in vivo and in vitro. 
Plant Physiol. 66:830-834 
 
Anderson J A, Kolmer JA. (2005). Rust control in glyphosate tolerant wheat following application of 
the herbicide glyphosate. Plant Dis. 89:1136-1142. 
 
Anthelme F, Marigo G. (1998). Ca/Fe-dependent glyphosate uptake in Catharanthus roseus cells: 
Involvement of a plasmamembrane redox system? Pest. Biochem. Physiol. 62:73-83. 
 
Armel GR, Hall GJ, Wilson HP, Cullen N. (2005). Mesotrione plus atrazine mixtures for control of 
Canada thistle (Cirsium arvense). Weed Sci. 53:202–211. 
 
Arregui MC, Lenardo´n A, Sanchez D, Maitre MI, Scotta R, Enrique S. (2003). Monitoring 
glyphosate residues in transgenic glyphosate-resistant soybean. Pest Manage. Sci. 60:163-166. 
 
Atkinson D. (1985). Glyphosate damage symptoms and the effects of drift. Appendix I. In Grossbard, 
E. and D. Atkinson(eds). The herbicide glyphosate. London Butterworths. pp. 455- 465.  
 
Baley GJ, Campbell, KG, Yenish J, Kimberlee KK, Paulitz TC. (2008). Influence of glyphosate, 
crop volunteer and root pathogens on glyphosate-resistant wheat under controlled environmental 
conditions. Pest. Manag. Sci. 65:288–299. 
 
Bailey WA, Poston DH, Wilson HP, Hines TE. (2002). Glyphosate interactions with manganese. 
Weed Technol. 16:792-799.  
 
Balthazor TM, Hallas LE. (1986). Glyphosate-degrading microorganisms from industrial activated 
sludge. Appl. Environ. Microbiol. 51:432–434. 
 
Barja BC, Dos Santos Afonso M. (2005). Aminomethylphosphonic acid and glyphosate adsorption 
onto goethite: A comparative study. Environ. Sci. Tech. 39:585-592 
 
Barrett KA, McBride MB. (2005). Oxidative degradation of glyphosate and 
aminomethylphosphonate by manganese oxide. Environ. Sci. Technol. 39:9223–9228. 
 
Barry GF, Kishore GM. (1998). Glyphosate tolerant plant. US Patent 5,776,760. 
 
References 
 
  
180 
 
Barry GF. (2009). Plants and plant cells exhibiting resistance to AMPA, and methods for making the 
same: United States Patent 7554012.   
 
Baur JR, Bovey RW, Veech JA. (1977). Growth responses in sorghum and wheat induced by 
glyphosate. Weed. Sci. 25:238-240. 
 
Baur JR. (1979a). Effect of glyphosate on auxin transport in corn and cotton tissues. Plant Physiol. 
63:882-886. 
 
Baur JR. (1979b). Reduction of glyphosate-induced tillering in sorghum (Sorghum bicolor) by 
several chemicals. Weed. Sci. 27:69-73. 
 
Baylis AD. (2000). Why glyphosate is a global herbicide: Strengths, weaknesses and prospects. Pest. 
Manag. Sci. 56:299-308. 
 
Beck R, Kalra Y, Vaughan B, Wolf AM. (2000). Soil Analysis Handbook of Reference 
Methods/Plant and Soil Analysis Council, 4th edition. CRC Press LLC, New York, USA, pp. 109–
115. 
 
Belcher JE. (1989). Monsanto Company Chicago: Duff & Phelps, Inc. 31pp. 
 
Bellaloui N, Reddy KN, Zablotowicz RM, Mengistu A. (2006). Simulated glyphosate drift 
influences nitrate assimilation and nitrogen fixation in non-glyphosate-resistant soybean. J. Agric. 
Food Chem. 54:3357–3364. 
 
Bellaloui N, Reddy KN, Zablotowicz M, Abbas HK, Abel CA. (2009). Effects of Glyphosate 
Application on Seed Iron and Root Ferric (III) Reductase in Soybean Cultivars. J. Agric. Food Chem. 
57:9569–9574. 
 
Benachour N, Séralini GE. (2009). Glyphosate Formulations Induce Apoptosis and Necrosis in 
Human Umbilical, Embryonic, and Placental Cells. Chem. Res. Toxicol. 22: 97–105. 
 
Benbrook CM. (2004). Genetically engineered crops and pesticide use in the United States: the first 
nine years. Technical Paper No. 7. BioTech InfoNet. 
 
Bennett WF. (1993). Nutrient deficiencies and toxicities in crop plants. APS Press, St Paul, 
Minnesota, USA. 
 
Bergmann W. (1992). Nutritional Disorders of Plants: Development, Visual and analytical Diagnosis. 
Gustav Fischer Verlag, Jena. 
 
Berlin J, Witte L. (1981). Effects of glyphosate on shicimic acid accumulation in tobacco cell 
cultures with low and high yields of cinnamoyl putrescines. Z. Naturforsch. 36:210-214. 
 
Bernards ML, Thelen KD, Penner D. (2005a). Glyphosate efficacy is antagonized by manganese. 
Weed Technol. 19:27-34.  
 
Bernards ML, Thelen KD, Muthukumaran RB. (2005b). Glyphosate interaction with manganese in 
tank mixtures and its effect on glyphosate absorption and translocation. Weed Sci. 53:787-794.  
 
Berner DK, Berggren GT, Snow JP. (1992). Method for protecting plants against soil-borne fungi 
using glyphosate and imazaquin compositions. US Patent 5,110,805. 
 
Bingham SW, Segura J, Foy CL. (1980). Susceptibility of several grasses to glyphosate. Weed Sci. 
28:579-585.  
 
References 
 
  
181
Bithell SL, Butler RC, Mckay A, Cromey MG. (2009). Effect of glyphosate application to grass 
weeds on levels of Gaeumannomyces graminis var. tritici inoculums, 2009. Plant. Protect. Q. 24:161-
167. 
 
Boerboom C. (2007). Drift-control Adjuvants, Nozzles, and Glyphosate. The Wisconsin Crop 
Manager online edition. http://ipcm.wisc.edu/WCMNews/tabid/53/EntryId/244/Drift-control-
Adjuvants-Nozzles-and-Glyphosate.aspx. 
 
Bohner H. (2002). Is Soybean Leaf Cupping a Roundup Ready Problem? Crop Talk., Iss. 9 
September, Ministry of Agriculture, Food and Rural Affairs, Ontario, Canada. 
 
Borggaard OK, Elberling B. (2004). Pedological Biogeochemistry. pp. 483. Paritas, Brøndby, 
Denmark 
Borggaard OK, Gimsing AL. (2008). Fate of glyphosate in soil and the possibility of leaching to 
ground and surface waters: A review. Pest. Manage. Sci. 64:441-456. 
  
Bott S, Tesfamariam T, Candan H, Cakmak I, Römheld V, Neumann G. (2008). Glyphosate-
induced impairment of plant growth and micronutrient status in glyphosate-resistant soybean (Glycine 
max L.). Plant Soil 312:185-194. 
 
Boydston RA, al-Khatib K. (2008). Exudation of Mesotrione from Potato Roots Injures Neighboring 
Plants. Weed Sci. 56:852–855. 
 
Bresnahan GA, Manthey FA, Howatt KA, Chakraborty M. (2003). Glyphosate Applied Preharvest 
Induces Shikimic Acid Accumulation in Hard Red Spring Wheat (Triticum aestivum). J. Agri. Food 
Chem. 51:4004–4007. 
 
Briggs GG, Bromilow RH. (1994). Influence of physicochemical properties on uptake and loss of 
pesticides and adjuvants from the leaf surface. pp. 1-26 In P.J. Holloway, R.T. Rees and D. Stock, eds. 
Interactions between Adjuvants, Agrochemicals and Target Organisms. Berlin: Springer.  
 
Brown LR, Robinson DE, Young BG, Loux MM, Johnaon WG, Nurse RE, Swanton CJ, 
Sikkema PH. (2009). Response of Corn to Simulated Glyphosate Drift Followed by In-Crop 
Herbicides. Weed Technol. 23:11–16. 
 
Buehring WN, Massey JH, Reynolds DB. (2007). Shikimic acid accumulation in field-grown corn 
(Zea mays) following simulated glyphosate drift. J. Agri. Food Chem. 55:819–824. 
 
Cakmak I, Ozturk L,Eker S,Torun B, Kalfa HI, Yilmaz A. (1996). Concentration of zinc and 
activity of copper/zinc-superoxide dismutase in leaves of rye and wheat cultivars differening in 
sensitivity to zinc deficiency. J. Plant Physiol. 151:91-95. 
 
Cakmak I. (2000). Possible roles of zinc in protecting plant cells from damage by reactive oxygen 
species. New Phytol. 146:185–205. 
 
Cakmak I, Yazici A, Tutus Y, Ozturk L. (2009). Glyphosate reduced seed and leaf concentrations of 
calcium, manganese, magnesium, and iron in non-glyphosate resistant soybean. Eur. J. Agron. 31:114-
119. 
 
Calado JMG, Basch G, de Carvalho M. (2010). Weed management in no-till winter wheat (Triticum 
aestivum L.). Crop Protect. 29:1–6. 
 
Canal MJ, Sanchez Thames R, Fernandez B. (1987). Glyphosate increased levels of indole-3-acetic 
acid in yellow nutsedge leaves correlate with gentisic acid levels. Physiol. Plant.71:384-388. 
 
Carlisle SM, Trevors JT. (1988). Glyphosate in the environment. Water Air Soil Pollut. 39:409–420. 
References 
 
  
182 
 
Caseley JC, Coupland D. (1985). Environmental and plant factors affecting glyphosate uptake, 
movement and activity. pp. 92-123. In The Herbicide Glyphosate.E. Grossbard and D. Atkinson (eds.). 
Buttenworths & Co., Ltd. London, UK.  
 
Cater RP, Carroll RL, Irani RR. (1967). Nitrilotri(methylenephosphonic acid), 
ethylimido(methylenephosphonic acid) and diethylamino methylphosphonic acid and Ca (II) and Mg 
(II) complexing. Inorg. Chem. 6:639-946. 
 
Cedergreen N. (2008). Herbicides can stimulate plant growth, Weed Res. 48:429-438. 
 
Cedergreen N, Felby C, Porter JR, Streibig JC. (2009). Chemical stress can increase crop yield, 
Field Crops Res. 114:54-57. 
 
Cedergreen N, Olesen CF. (2010). Can glyphosate stimulate photosynthesis? Pesticide Biochemistry 
and Physiology 96:140-148. 
 
Cerdeira AL, Duke SO. (2006). The current status and environmental impacts of glyphosate-resistant 
crops: a review. J. Environ. Qual. 35:1633–1658. 
 
Charlson DV, Baly TB, Cianzio SR, Shoemaker RC. (2004). Breeding soy beans for resistance to 
iron-defiency chlorosis and soybean cyst nematodes. Soil Sci. Plant Nutr. 50:1055–1062. 
 
Cole DJ. (1985). Mode of action of glyphosate - A literature analysis. pp. 48-74.In The Herbicide 
Glyphosate. (eds.) E. Grossbard and D. Atkinson. Buttenworths & Co., Ltd. London, UK.  
 
Cornai L, Stalker D. (1986). Mechanism of action of herbicides and their molecular manipulation. 
Oxford Surv. Plant Molec. Cell Biol. 3:166-195. 
 
Cornish PS. (1992). Glyphosate residues in a sandy soil affect tomato transplants. Aust. J. Exp. Agric. 
32:395–399. 
 
Coupland D, Caseley JC. (1979). Persistence of 14C activity in root exudates and guttation fluid from 
Agropyron repens treated with Relabeled glyphosate. New Phytol. 83:17-22. 
 
Cranmer JR. (1988). Effect of variation in drop makeup on the absorption, translocation, and 
phytotoxicity of glyphosate in velvetleaf (Abutilon theophrasti Medik.) and quackgrass (Agropyron 
repens L. Beauv.). Ph.D. Dissertation, Cornell Univ. Ithaca, NY. 
 
Della-Cioppa G, Bauer SC, Klein BK, Shah MD, Fraley RT, Kishore G. (1986). Translocation of 
the precursor of 5-enolpyruvylshikimate-3-phosphate synthase into chloroplasts of higher plants in 
vitro. Proc. Natl. Acad. Sci. 83:6873–6877. 
 
De Jonge H, de Jonge LW, Jacobsen, OH, Yamaguchi T and Moldrup P. (2001). Glyphosate 
sorption in soils of different pH and phosphorus content. Soil. Sci. 166:230–238. 
 
de María N, De Felipe MR, Fernández-Pascual M. (2005). Alterations induced by glyphosate on 
lupin photosynthetic apparatus and nodule ultrastructure and some oxygen diffusion related proteins. 
Plant. Physiol. Biochem. 43:985-996. 
 
Denis MH, Delrot S. (1993). Carrier-mediated uptake of glyphosate in broad bean (Viola faba) via a 
phosphate transporter. Physiol. Plant. 87:569-575. 
 
Descalzo RC, Punja ZK, Lévesque CA, Rahe JE. (1998). Glyphosate treatment of bean seedlings 
causes short-term increases in Pythium populations and damping off potential in soils. Appl. Soil 
Ecol 8:25-33. 
 
References 
 
  
183
Devine M, Duke SO, Fedtke C. (1993). Physiology of Herbicide Action. Prentice Hall, New Jersey. 
 
Deutsche Forschungsgesellschaft (DFG). (1996). Methode 405: Bestimmung von Glyphosat und Ampa in 
Wasser, Boden und Pflanzen. In: Rückstandsanalytik von Pflanzenschutzmitteln Methodensammlung der 
Arbeitsgruppe Analytik. Weinheim VCH. 
 
Dick RE, Quinn JP. (1995). Glyphosate-degrading isolates from environmental samples: occurrence 
and pathways of degradation. Appl. Microbiol. Biotechnol. 43:545–550. 
 
Dion HM, Harsh JB, Hill Jr. HH. (2001). Competitive sorption between glyphosate and inorganic 
phosphate on clay minerals and low organic matter soils. J. Radioanal. Nucl. Chem. 249:385-390. 
 
Dong-Mei Z, Yu-Jun W, Long C, Xiu-Zhen H, Xiao-San L. (2004). Adsorption and cosorption of 
cadmium and glyphosate on two soils with different characteristics. Chemosphere 57:1237–1244. 
 
Doublet J, Mamy L, Barriuso E. (2009). Delayed degradation in soil of foliar herbicides glyphosate 
and sulcotrione previously absorbed by plants: Consequences on herbicide fate and risk assessment. 
Chemosphere. 77:582-589.  
 
Dudai N, Chaimovitsh D, Larkov O, Fischer R, Blaicher Y, Mayer AM. (2009). Allelochemicals 
released by leaf residues of Micromeria fruticosa in soils, their uptake and metabolism by inhibited 
wheat seed. Plant Soil 314:311–317. 
 
Duke S, Wauchope R, Hoagland R, Wills G. (1983). Influence of glyphosate on uptake and 
translocation of calcium ion in soybean seedlings. Weed Res. 23:133-139. 
 
Duke SO, Vaugh KC, Wauchope RD. (1985). Effects of glyphosate on uptake, translocation, and 
intracellular localization of metal cations in soybean (Glycine max) seedlings. Pestic. Biochem. 
Physiol. 24:384–394. 
 
Duke SO. (1988). Glyphosate. pp 1 - 70. In: Kearney, P. C., Kaufman, D. D. (Ed.) Herbicides: 
Chemistry, Degradation,and Mode of Action. Dekker: New York, Vol. 3.  
 
Duke SO, Rimando AM, Pace PF, Reddy KN, Smeda RJ. (2003). Isoflavone, glyphosate, and 
aminomethylphosphonic acid levels in seeds of glyphosate-treated, glyphosate-resistant soybean. J. 
Agric. Food Chem. 51:340-344. 
 
Duke SO. (2005). Taking stock of herbicide-resistant crops ten years after introduction. Pest. Manage. 
Sci. 61:211-218. 
 
Duke SO, Hoagland RE. (1985). Effects of glyphosate on metabolism of phenolic compounds. pp. 
75-91. In The Herbicide Glyphosate. E. Grossbard and D. Atkinson (eds.). Butterworths & Co., Ltd. 
London, UK.  
 
Duke SO, Powles SB. (2008). Glyphosate: a once-in-a-century herbicide. Pest. Manag. Sci. 64:319–
325. 
 
Drew MC. (1975). Comparison of the effects of a localized supply of phosphate, nitrate, ammonium 
and potassium on the growth of the seminal root system, and the shoot, in barley. New Phytol. 75:479-
490. 
 
Dyer WE. (1994). Resistance to glyphosate. pp. 229–241. In Herbicide Resistance in Plants: Biology 
and Biochemistry, ed. by Powles SB and Holtum JAM. CRC Lewis Publishers, New York, NY. 
 
Einhellig FA. (1996). Interactions involving allelopathy in cropping systems. Agron. J. 88:886-893. 
 
References 
 
  
184 
 
Eker S, Osturk L, Yazici A, Erenoglu B, Römheld V, Cakmak I. (2006). Foliar applied glyphosate 
substantially reduced uptake and transport of iron and manganese in sunflower (Helianthus annuus L.) 
plants. J. Agric. Food Chem. 54:10019–10025. 
 
Ellis JM, Griffin JL. (2002). Soybean (Glycine max) and cotton (Gossypium hirsutum) response to 
simulated drift of glyphosate and glufosinate. Weed Technol. 16:580–586. 
 
Ellis JM, Griffin JL, Linscombe SD, Webster EP. (2003). Rice (Oryza sativa) and corn (Zea mays) 
response to simulated drift of glyphosate and glufosinate. Weed Technol. 17:452-460. 
 
EPPO (European and Mediterranean Plant Protection Organization). (2003). EPPO Standards: 
Environmental risk assessment scheme for plant protection products. www.eppo.org 
 
Feng JC, Thompson DG. (1990). Fate of glyphosate in Canadian forest water shed 2: persistence in 
foliage and soils. J. Agric. Food Chem. 38:1118–1125. 
 
Feng PCC, Pratley JE, Bohn JA. (1999). Resistance to glyphosate in Lolium rigidum. II. Uptake, 
translocation and metabolism. Weed Sci. 47:412- 415. 
 
Feng PCC, Chiu T, Sammons RD. (2003). Glyphosate efficacy is contributed by its tissue 
concentration and sensitivity in velvetleaf (Abutilon theophrasti). Pestic. Biochem. Physiol. 77:83-91. 
 
Feng PCC, Baley GJ, Clinton WP, Bunkers GJ, Alibhai MF, Paulitz TC et. al. (2005). Glyphosate 
inhibits rust diseases in glyphosate-resistant wheat and soybean. Proc. Natl. Acad. Sci. 102:290–295.  
 
Feng PCC, Clark C, Andrade CG, Balbi MC and Caldwell C. (2008). The control of Asian rust by 
glyphosate in glyphosate-resistant soybean. Pest. Manag. Sci. 64:353–359. 
 
Fent K. (1998). Ökotoxikologie: Umweltchemie, Toxikologie, Ökologie. Georg Thieme Verlag 
Stuttgart, Germany. 
 
Fernandez CH, Bayer DE. (1977). Penetration, translocation, and toxicity of glyphosate in 
bermudagrass (Cynodon dactylon). Weed Sci. 25:396-400. 
 
Fernandez MR, Selles F, Gehl D, DePauw RM, Zentner RP. (2003). Identification of crop 
production factors associated with the development of Fusarium head blight in spring wheat in 
southeast Saskatchewan. Report to Saskatchewan Agriculture Development Fund. 
 
Fernandez MR, Selles F, Gehl D, Depaw RM, Zentner RP. (2005). Crop production factors 
associated with Fusarium head blight in spring wheat in Eastern Saskatchewan. Crop Sci. 45:1908–
1916. 
 
Fernandez MR, Zentner RP, DePauw RM, Gehl D, Stevenson FC. (2007a).  
Impacts of crop production factors on fusarium head blight in barley in Eastern Saskatchewan. Crop 
Sci. 47:1574-1584. 
 
Fernandez MR, Zentner RP, DePauw RM, Gehl D, Stevenson FC. (2007b). Impacts of crop 
production factors on common root rot of barley in Eastern Saskatchewan. 
Crop Sci. 47:1585-1595. 
 
Fernandez MR, Huber D, Basnyat P, Zentner RP. (2008). Impact of agronomic practices on 
populations of Fusarium and other fungi in cereal and noncereal crop residues on the Canadian 
Prairies. Soil and Tillage Research 100:60-71. 
 
References 
 
  
185
Fernandez MR, Zentner RP, Basnyat P, Gehl D, Selles F, Huber D. (2009). Glyphosate 
associations with cereal diseases caused by Fusarium spp. in the Canadian Prairies. Eur. J. 
Agron. 31:133-143. 
 
Franz JE.(1985). Discovery, development and chemistry of glyphosate. pp. 3-17. In E. Grossbard and 
D. Atkinson (eds.), The Herbicide Glyphosate, Butterworth and Co. Ltd, Toronto.  
 
Franz JE, Mao MK, Sikorski JA. (1997). Glyphosate: A Unique Global Herbicide. American 
Chemical Society, Chap. 4, pp. 65–97. 
 
Franzen DW, O’Barr JH, Zollinger RK. (2003). Interaction of a foliar application of iron HEDTA 
and three postemergence broadleaf herbicides with soybeans stressed from chlorosis. J. Plant Nutr. 
26:2365-2374. 
 
Gasnier C, Dumont C, Benachour N, Clair E, Chagnon MC, Séralini GE. (2009). Glyphosate-
based herbicides are toxic and endocrine disruptors in human cell lines. Toxicology 262:184–191. 
 
Gauvrit C, Gaudry JC, Lucotte T, Cabanne F. (2001). Biological evidence for a 1:1 
Ca2+:glyphosate association in deposit residuals of the leaf surface of barley. Weed Res. 41:433-455. 
 
Geiger DR, Kapitan SW, Tucci MA. (1986). Glyphosate inhibits photosynthesis and allocation of 
carbon to starch in sugar beet leaves. Plant Physiol. 82:468-472. 
 
Geiger DR, Shieh WJ, Fuchs MA. (1999). Causes of self-limited translocation of glyphosate in Beta 
vulgaris plants. Pestic. Biochem. Physiol. 64:124-133.  
 
Gericke VS, Kurmies B. (1952). Die kolorimetrische Phosphorsäurebestimmung mit Ammonium-
Vanadat-Molybdat und ihre Anwendung in der Pflanzenanalyse. Z. Pflanzenernähr. Bodenkd. 59:235–
247. 
 
Gerritse RG, Beltran J, Hernandez F. (1996). Adsorption of atrazine, simazine, and glyphosate in 
soils of the Gnangara Mound, Western Australia. Aust. J. Soil Res.34:599-607. 
 
Gianessi LP. (2008). Economic impacts of glyphosate-resistant crops. Pest Manag. Sci. 64:346–352. 
 
Giesy JP, Dobson S, Solomon KR. (2000). Ecotoxicogical risk assessment for Roundup® herbicide. 
Rev. Environ. Contam. Toxicol. 167:35–120. 
 
Gilreath JP, Chase CA, Locascio SJ. (2000a). Phytotoxic Effects of Glyphosate on Pepper 
(Capsicum annuum). Weed Technol. 14:488–494. 
 
Gilreath JP, Chase CA, Locascio SJ. (2000b). Influence of sublethal glyphosaze rates on leaf mineral 
concentration of tomato. Hort.Science 6:1078-1082. 
 
Gimsing AL, Borggaard OK. (2002a). Competitive adsorption and desorption of glyphosate and 
phosphate on clay silicates and oxides. Clay Miner. 37:509-515. 
 
Gimsing AL, Borggaard OK. (2002b). Effect of phosphate on the adsorption of glyphosate on soils, 
clay minerals and oxides. Int. J. Environ. Anal. Chem. 82:545-552. 
 
Gimsing AL, Borggaard OK, Jacobsen OS, Aamand J, Sørensen J. (2004). Chemical and 
microbiological soil characteristics controlling glyphosate mineralisation in Danish surface soils. 
Appl. Soil Ecol. 27:233-242. 
 
Gimsing AL, Borggaard OK. (2007). Phosphate and glyphosate adsorption by hematite and 
ferrihydrite and comparison with other variable-charge minerals Clay Clay Miner. 55:108-114. 
References 
 
  
186 
 
Gimsing AL, Szilas C, Borggaard OK. (2007). Sorption of glyphosate and phosphate by variable-
charge tropical soils from Tanzania, Geoderma 138:127-132. 
 
Glass RL. (1987). Adsorption of glyphosate by soils and clay minerals. J. Agri. Food Chem. 35:497-
500. 
 
Gordon B. (2007). Manganese nutrition of glyphosate-resistant and conventional soybeans 
Better Crops 91 4:12-13. 
 
Gottrup O, Sullivan PA, Schraa RJ, Van den Born WH. (1976). Uptake, translocation, 
metabolism, and selectivity of glyphosate in Canada thistie and leafy spurge. Weed Res. 16:197-201. 
 
Gougler JA, Geiger DR (1981). Uptake and distribution of N-phosphonomethylglycine in sugar beet 
plants. Plant Physiol. 68:668-672. 
 
Griffin JL, Ellis JM., Jonas CA, Siebert D, Webster EP, Linscombe SD. (2003). Reducing 
Roundup Drift. Louisiana Agriculture Magazine, Iss. 4 
http://www.lsuagcenter.com/en/communications/publications/agmag/Archive/2003/Winter/Reducing+
Roundup+Drift.htm. 
 
Guldner M, Yamada T, Eker S, Cakmak I, Kania A, Neuman G, Römheld V. (2005). Release of 
foliar-applied glyphosate (Roundup®) into the rhizosphere and its possible effect on non-target 
organisms. In: Hartmann A et al (eds) Rhizosphere 2004 – A tribute to Lorenz Hiltner. GSF Report, 
Neuherberg, Munich, Germany. 
 
Hager A, (2005). Late-Season Herbicide Applications in Soybean. IPM Bulletin, (18) article 7 
University of Illinois Extension Service. 
 
Hammer PE, Hinson TK, Duck NB, Koziel MG. (2007). Methods to confer herbicide resistance. 
U.S. patent application. 
 
Hance RJ. (1976). Adsorption of glyphosate by soils. Pestic. Sci. 7:363-366. 
 
Henry BW, Shaner DL, West MS. (2007). Shikimate accumulation in sunflower, wheat, and proso 
millet after glyphosate application.Weed Sci. 55:1–5. 
 
Hensley B, Webster EP, Harrell DL, Bottoms SL. (2009). Herbicide Drift Affects Louisiana Rice 
Production. Louisiana Agriculture Magazine, Iss. 4, 2009. 
http://www.lsuagcenter.com/en/communications/publications/agmag/Archive/2009/winter/Herbicide+
drift+affects+Louisiana+rice+production.htm. 
 
Hernandez A, Garcia-Plazaola JI, Becerril JM. (1999). Glyphosate effects on phenolic metabolism 
of nodulated soybean (Glycine max L. Merr.). J. Agri. Food Chem. 47:2920-2925. 
 
Hess DF. (1999). Inhibitors of aromatic amino acid biosynthesis (glyphosate). Pages 440-454. In 
Herbicide Action: An Intensive Course on Activity, Selectivity. Behavior, and Fate of Herbicides in 
Plants and the Environment Purdue University, West Lafayette, IN. 
 
Hetherington PR, Reynolds TL, Marshall G, Kirkwood RC. (1999). The absorption, translocation 
and distribution of the herbicide glyphosate in maize expressing the CP-4 transgene. J. Exp. Bot. 
50:1567–1576. 
 
Hill Jr. HH. (2001). Competitive sorption between glyphosate and inorganic phosphate on clay 
minerals and low organic matter soils, J. Radioanal. Nucl. Chem. 249:385-390. 
 
References 
 
  
187
Hoagland RE, Duke SO. (1982). Biochemical effects of glyphosate [A/- (phosphonomethyl)glycine]. 
pp. 175-205. In Biochemical Responses Induced by Herbicides. D.E. Moreland, J.B. SL John, and 
F.D. Hess. ACS Symp. Series, No. 181, Washington, D.C.  
 
Hoagland RE. (1990). Interaction of indoleacetic acid and glyphosate on phenolic metabolism in 
soybean. Pestic. Biochem. Physiol. 36: 68-75. 
 
Holländer H, Amrhein N. (1980). The site of the inhibition of the shikimate pathway by glyphosate I. 
Inhibition by glxphosate of the phenylpropanoid synthesis in buckwheat (Fagopyrum esculentum 
Moench). Plant Physiol. 66:823-829. 
 
Holloway PJ. (1994). Physicochemical factors infuencing the adjuvant enhanced spray deposition and 
coverage of foliage-applied agrochemicals. pp 83-105 In P.J. Holloway, R.T. Rees and D. Stock, eds. 
Interactions between Adjuvants, Agrochemicals and Target Organisms. Berlin: Springer.  
 
Huber DM, McCay-Buys TS. (1993). A multiple component analysis of the take-all disease of 
cereals. Plant Dis. 77:437-447. 
 
Huber DM, Cheng MW, Winsor BA. (2005). Association of severe Corynespora root rot of soybean 
with glyphosate-killed giant ragweed. Phytopathology 95:45. 
 
Huber DM. (2006). Strategies to ameliorate glyphosate immobilization of manganese and its impact 
on the rhizosphere and disease. In: Lorenz N, Dick R (eds) Proceedings of the glyphosate potassium 
symposium 2006. Ohio State University, AG Spectrum, DeWitt, Iowa. 
 
Inderjit. (1996). Plant phenolics in allelopathy. Bot. Rev. 62:186-202. 
 
Inderjit, Del Moral R. (1997). Is separating resource competitionfrom allelopathy realistic? Bot. Rev. 
63:221-230. 
 
Inderjit. (2005). Soil microorganisms: An important determinant of allelopathic activity. Plant Soil 
274:227-236. 
 
Jacob GS, Schaefer J, Stejskal EO, McKay RA. (1985). Solidstate NMR determination of 
glyphosate metabolism in a Pseudomonas sp. J. Biol. Chem. 260:5899–5905 (1985). 
 
Jacob GS, Garbow JR, Hallas LE, Kimack NM, Kishore GM and Schaefer J, (1988) Metabolism 
of glyphosate in Pseudomonas sp. strain LBr. Appl Environ. Microbiol. 54:2953–2958. 
 
James C, (2007). Global status of commercialized biotech/GM crops: 2007. ISAAABrief No. 37. 
International Service for the Acquisition of Agri-biotech Associations, Ithaca, NY, USA. 
 
Jiang W, Garrett KA, Peterson DE, Harvey TL, Bowden RL, Fang L. (2005). The window of risk 
for emigration of Wheat streak mosaic virus varies with host eradication method. Plant Dis. 89:853-
858. 
 
Johal GS, Huber DM. (2009). Glyphosate effects on diseases of plants. Eur. J. Agron.31:144-152. 
 
Johal GS, Rahe JE. (1984). Effect of soilborne plant-pathogenic fungi on the herbicidal action of 
glyphosate on bean seedlings. Phytopathology 74:950-955. 
 
Johal GS, Rahe JE. (1988). Glyphosate, hypersensitivity and phytoalexin accumulation in the 
incompatible bean anthracnose host-parasite interaction. Physiol. Mol. Plant. Pathol. 32:267-281. 
 
Johal GS, Rahe JE. (1990). Role of phytoalexins in the suppression of resistance of Phaseolus 
vulgaris to Colletotrichum lindemuthianum by glyphosate. Can. J. Plant Pathol., 12:225-235. 
References 
 
  
188 
 
Johnson AK, Roeth FW, Martin AR, Klein RN. (2006). Glyphosate spray drift management with 
drift-reducing nozzles and adjuvants. Weed Technol. 20:893-897. 
 
Jolley VD, Hansen NC. (2004). Explanations for factors that interact with irondefiency stress. Soil 
Sci. Plant Nutr. 50:973–981. 
 
Kanampiu FK, Ransom JK, Friesen D, Gressel J. (2002). Imazapyr and pyrithiobac movement in 
soil and from maize seed coats to control Striga in legume intercropping. Crop Protect. 21:611–619. 
 
King CA, Purcell CC, Vories ED. (2001). Plant growth and nitrogenase activity of glyphosate 
tolerant soybean in response to foliar glyphosate applications. Agron. J. 93:179–180. 
 
Kishore GM, Jacob GS (1987). Degradation of glyphosate by Pseudomonas sp. strain PG2982 via a 
sarcosine intermediate. J. Biol. Chem. 262:12164–12168. 
 
Knuuttila P, Knuuttila H. (1979). The crystal and molecular structure of N-
(phosphonomethyl)glycine (glyphosate). Acta. Chem. Scand., B33, 623. 
 
Koger CD, Shaner DL, Krutz LJ, Walker TW, Buehring N, Henry WB, Thomas WE, Wilcut 
JW. (2005). Rice (Oryza sativa) response to drift rates of glyphosate. Pest Manag. Sci. 61:1161–1167. 
 
Komossa D, Genity I, Sandermann Jr H. (1992). Plant metabolism of herbicides with C–P bonds: 
glyphosate. Pest. Biochem. Physiol. 43:85–94. 
 
Kremer RJ, Donald PA, Klaser AJ, Minor HC. (2001). Herbicide impact on Fusarium ssp and 
soybean cyst nematode in glyphosate “tolerant” soybean. American Society of Agronomy (title 
summary: 503–104D). 
 
Kremer RJ, Means NE, Kim S. (2005). Glyphosate affects soybean root exudation and rhizosphere 
micro-organisms. Int. J. Environ. Anal. Chem. 2005, 85, 1165-1174. 
 
Kremer, R.J., Means, N.E. (2009) Glyphosate and glyphosate-resistant crop interactions with 
rhizosphere microorganisms. Eur. J. Agron. 31:153-161. 
 
Kryosko T, Lupicka AO. (1997). The use of glyphosate as the sole source of phosphorus or carbon 
for the selection of soil-borne fungal strains capable to degrade this herbicide. Chemosphere 34:2601–
2605. 
 
 Laitinen P, Rämö S. (2005). Glyphosate mobility and degradation. In Environmental impacts of 
organic farming, Final report. pp 30–35 In: E Turtola (ed) Agrifood Research Finland, MTT, 
Jokioinen, Finland. ISBN 951-729-948-6 
 
Laitinen P, Sari-Rämö S, Siimes K. (2007). Glyphosate translocation from plants to soil—does this 
constitute a significant proportion of residues in soil? Plant Soil. 300:51–60. 
 
Laitinen P, Siimes K, Rämö S, Jauhiainen L, Eronen L, Oinonen S, Hartikainen H. (2008). 
Effects of soil phosporus status on environmental risk assessment of glyphosate and glufosinate-
ammonium. J. Environ. Qual. 37:830-838. 
 
Lancashire PD, Bleiholder H, Boom TVD, Langelüddeke P, Stauss R, Weber E, Witzenberger A. 
(1991). A uniform decimal code for growth stages of crops and weeds. Ann. Appl. Biol. 119:561–601. 
 
Lassiter, BR, Burke IC, Thomas WE, Pline-Srnic WA, Jordan DL, Wilcut JW, Wilkerson GG. 
(2007). Yield and Physiological Response of Peanut to Glyphosate Drift. Weed Technol. 21:954–960. 
 
Leaper C, Holloway PJ. (2000). Adjuvants and glyphosate activity. Pest Manag Sci 56:313-319. 
References 
 
  
189
Lerbs W, Stock M, Parthier B. (1990). Physiological aspects of glyphosate degradation in 
Alcaligenes spec. strain GL. Arch. Microbiol 153:146–150.  
 
Lee TT. (1980). Effects of phenolic substances on metabolism of exogenous indole-3-acetic acid in 
maize stems. Physiol. Plant 50:107-112 
 
Lee TT. (1982a). Mode of action of glyphosate in relation to metabolism of indole-3-acetic acid. 
Physiol. Plant 54:289-294. 
 
Lee TT. (1982b). Promotion of indole-3-acetic acid oxidation by glyphosate in tobacco callus tissue. 
J. Plant Growth Regul. 1:37-48. 
 
Lee TT, Dumas T. (1983). Effect of glyphosate on ethylene production in tabacco callus. Plant 
Physiol. 72:855-857. 
 
Lee TT. (1984). Release of Lateral Buds from Apical Dominance by Glyphosate in Soybean and Pea 
Seedlings. J. Plant Growth Regul. 3:227-235 
 
Liu CM, McLean PA, Sookdeo CC, Cannon FC. (1991). Degradation of the herbicide glyphosate 
by members of the family Rhizobiaceae. Appl. Environ.Microbiol. 57:1799–1804 (1991). 
  
Loux, M. (2007). Leaf Cupping and Wrinkling in Soybean. Pest and Crop, (19) Purdue Cooperative 
Extension Service Ohio State University 
 
Lyon DJ, Miller SD, Wicks GA. (1996). The future of herbicides in weed control systems of the 
great plains. J. Prod. Agr. 9:209–215. 
 
Majek BA. (1980). The effect of environmental factors on quackgrass [Agropyron repens (L.) Beauv.] 
growth and glyphosate penetration and translocation. Ph.D. Dissertation, Cornell University. Ithaca, 
NY. 
 
Mamy L, Barriuso E, Gabrielle B. (2005). Environmental fate of herbicides trifluralin, metazachlor, 
metamitron and sulcotrione compared with that of glyphosate, a substitute broad spectrum herbicide 
for different glyphosate-resistant crops. Pest Manag Sci 61:905–916. 
 
Mañas F, Peralta L, Raviolo J, Garcı´a Ovando H, Ugnia L, Gonzalez Cid M, Larripa I, Gorla 
N. (2009). Genotoxicity of AMPA,the environmental metabolite of glyphosate, assessed by theComet 
assay and cytogenetic tests. Ecotoxicol. Environ. Saf. 72:834–837. 
 
Marschner H. (1995). Mineral nutrition of higher plants. 2nd edition. Academic Press, London, GB.  
 
Martinell BJ, Julson LS, Emler CA, Huang Y, McCabe DE, Williams EJ. (2002). Soybean 
Agrobacterium transformation method. United States Patent 6,384,301. 
 
Matschke J, Macháčková I. (2002). Changes in the content of indole-3-acetic acid and cytokinins in 
spruce, fir and oak trees after herbicide treatment. Biol. Plantarum 45:375-382. 
 
McConnel JS and Hossner LR. (1989). X-ray diffraction and infrared spectroscopic studies of 
adsorbed glyphosate. J. Agric. Food. Chem. 37:555–560. 
 
McLean EO. (1982). Soil pH and lime requirement. In: Page, A.L. (Ed.), Methods of Soil Analysis. 
Agron Monogr. 9, 2nd ed. ASA and SSSA, Madison, WI, pp. 199–224, Part 2. 
 
Miles CJ, Moye HA. (1988). Extraction of glyphosate herbicide from soil and clay minerals and 
determination of residues in soils. J Agric Food Chem 36:486–491. 
References 
 
  
190 
 
Miller DK, Downer RG, Leonard BR, Holman EM, Kelly ST. (2004). Response of nonglyphosate-
resistant cotton to reduced rates of glyphosate. Weed Sci. 52:178–182.  
 
Mitchell G, Bartlett DW, Fraser TE, Hawkes TR, Holt DC, Townson JK, Wichert RA. (2001). 
Mesotrione: a new selective herbicide for use in maize. Pest Manag. Sci. 57:120–128. 
 
Moedritzer K, Irani R. (1966). The direct synthesis of α-aminomethylphosphonic acid. Mannich-
type reactions with orthophosphorous acid. J. Org. Chem. 31:1603-1607. 
 
Monroy CM, Cortés AC, Sicard DM, de Restrepo HG. (2005). Cytotoxicity and genotoxicity of 
human cells exposed in vitro to glyphosate [Citotoxicidad y genotoxicidad en células humanas 
expuestas in vitro a glifosato.]. Biomédica 25:335-345. 
 
Monsanto. (2005a). Backgrounder—glyphosate and environmental fate studies, pp.1–4, online at 
http://www.monsanto.com/monsanto/content/products/ productivity/roundup/gly efate bkg.pdf. 
 
Monsanto. (2005b). Backgrounder—glyphosate and microorganisms in the Roundup Ready® soybean 
system, pp. 1–3,online at http://www.monsanto. 
com/monsanto/content/products/productivity/roundup/gly soyrust bkg.pdf. 
 
Morillo E, Undabeytia T, Maqueda C, Ramos, A. (1999). Glyphosate adsorption on soils of 
different characteristics. Influence of copper addition. Chemosphere, 40:103–107. 
 
Morillo E, Undabeytia T, Maqueda C, Ramos A. (2002). The effect of dissolved glyphosate upon 
the sorption of copper by three selected soils, Chemosphere 47:747-752.  
 
Morin F, Vera V, Nurit F, Tissut M, Marigo G. (1997). Glyphosate uptake in Catharanthus roseus 
cells: Role of a phosphate transporter. Pestic. Biochem. Physiol. 58:13-22. 
 
Moshier LJ, Penner D. (1978). Factors influencing microbial degradation of 14C-glyphosate to 14C-
CO2 in soil. Weed Sci. 26:686–691. 
 
Nandula VK, Reddy KN, Rimando AM, Duke SO, Poston DH. (2007). Glyphosate-resistant and -
susceptible soybean (Glycine max) and canola (Brassica napus) dose response and metabolism 
relationships with glyphosate. J. Agric. Food. Chem. 55:3540-3545. 
 
Neumann G, Römheld V. (2002). Root-induced changes in the availability of nutrients in the 
rhizosphere. pp. 617–649 In:Waisel, Y., Eshel, A., Kafkafi, U. (Eds.), Plant Roots The Hidden Half, 
3rd ed. Marcel Dekker, New York. 
 
Neumann G, (2006). Root exudates and organic composition of plant roots. In: Luster, J., Finlay, R., 
et al. (Eds.), Handbook of Methods Used in Rhizosphere Research Swiss Federal Institute for Forest, 
Snow and Landscape Research, Birmensdorf, Switzerland, online at www.rhizo.at/handbook. 
 
Neumann G, Kohls S, Landesberg E, Stoch-Oliveira Souza K, Yamda T, Römheld V. (2006). 
Relevance of glyphosate transfer to non-target plants via the rhizosphere. J. Plant Dis. Prot. (Suppl. 
20) 963–969. 
 
Neumann G, Römheld V. (2007). The release of root exudates as affected by the plant's physiological 
status. pp 23-72 In: Pinton R, Varanini Z, Nannipieri P (eds) The Rhizosphere: Biochemistry and 
Organic Substances at the Soil-Plant Interface, 1st edn. CRC, Boca Raton. 
 
Newton M, Howard KM, Kelpsas BR, Danhaus R, Lottman CM, Dubelman S. (1984). Fate of 
glyphosate in an Oregon forest ecosystem. J. Agric. Food Chem. 32:1144–1151. 
 
References 
 
  
191
Nicholls PH, Evans AA. (1991). Sorption of ionisable organic compounds by field soils. Part 2: 
cations, bases and zwitterions, Pestic. Sci. 33:331-345. 
 
Norsworthy JK. (2004a). Conventional Soybean Plant and Progeny Response to Glyphosate Weed 
Technol. 2004. 18:527–531. 
 
Norsworthy JK. (2004b). Tolerance of a glyphosate-resistant soybean to late-season glyphosate 
applications. Weed Technol. 18:454-457. 
Norsworthy JK. (2004c). Small-Grain Cover Crop Interaction with Glyphosate-Resistant Corn (Zea 
mays) Weed Technol. 18:52–59. 
 
Obojska A, Lejczak B, Kubrak M. (1999). Degradation of phosphonates by streptomycete isolates. 
Appl. Microbiol. Biotechnol. 51:872–876. 
 
Ozturk L, Yazici A, Eker S, Gokmen O, Römheld V, Cakmak I. (2008). Glyphosate inhibition of 
ferric reductase activity in iron deficient sunflower roots. New Phytol. 177:899-906. 
 
Paschal EH. (1997). Soybean cultivar 88154622393. United States Patent 5,659,114. 
 
Piccolo A, Celano G, Pietramellara G. (1992). Adsorption of the herbicide glyphosate on a metal-
humic acid complex. Sci. Total Environ. 123:77–82. 
 
Piccolo A, Celano G. (1994). Hydrogen-bonding interactions between the herbicide Glyphosate and 
water- soluble humic substances. Environ. Toxicol. Chem. 13:1737-1741.  
 
Piccolo A, Celano G, Arienzo M, Mirabella A. (1994). Adsorption and desorption of glyphosate in 
some European soils. Journal of Environmental Science and Health - Part B Pesticides, Food 
Contaminants, and Agricultural Wastes 29:1105-1115. 
 
Piccolo A, Celano G, Conte P. (1996). Adsorption of glyphosate by humic substances. J. Agric. 
Food.Chem., 44:2442-2446. 
 
Pimentel D, McLaughlin L, Zepp A, Lakitan B, Kraus T, et al. (1991). Environmental and 
economic effects of reducing pesticide use. BioScience 41 402-409. 
 
Pipke R, Amrhein N. (1988). Degradation of the phosphonate herbicide glyphosate by Arthrobacter 
atrocyaneus ATCC13752. Appl Environ Microbiol 54:1293–1296. 
 
Pline WA, Wilcut JW, Edmisten KL, Wells, R. (2002a). Physiological and morphological response 
of glyphosate-resistant and non-glyphosate-resistant cotton seedlings to root-absorbed glyphosate. 
Pestic. Biochem. Physiol. 73:48–58. 
 
 Pline WA, Wilcut JW, Duke SO, Edmisten KL, Wells R. (2002b). Tolerance and Accumulation of 
Shikimic Acid in Response to Glyphosate Applications in Glyphosate-Resistant and Nonglyphosate-
Resistant Cotton (Gossypium hirsutum L.). J. Agric. Food Chem. 50:506-512. 
Powell JR, Swanton CJ. (2008). A critique of studies evaluating glyphosate effects on diseases 
associated with Fusarium spp. Weed Res. 48:307-318. 
 
Powles SB. (2008). Evolved glyphosate-resistant weeds around the world: lessons to be learnt. Pest 
Manag. Sci. 64:360–365. 
 
Reddy KN, Hoagland RE, Zablotowicz RM. (2000). Effect of glyphosate on growth, chlorophyll, 
and nodulation in glyphosateresistant and susceptible soybean (Glycine max) varieties. J. New Seeds 
2:37-52. 
References 
 
  
192 
 
Reddy KN, Zablotowicz RM. (2003). Glyphosate-resistant soybean response to various salts of 
glyphosate and glyphosate accumulation in soybean nodules. Weed Sci. 51:496-502. 
 
Reddy KN, Rimando AM, Duke SO. (2004). Aminomethylphosphonic acid, a metabolite of 
glyphosate, causes injury in glyphosate-treated, glyphosateresistant soybean. J. Agric. Food Chem. 
52:5139–5143. 
 
Reddy KN, Rimando AM, Duke SO, Nandula VK. (2008). Aminophosphonic acid accumulation in 
plant species treated with glyphosate. J. Agric. Food. Chem. 56:2125-2130. 
 
Reddy KN, Bellaloui N, Zablotowicz RM. (2010). Glyphosate Effect on Shikimate, Nitrate 
Reductase Activity, Yield, and Seed Composition in Corn. J. Agric. Food Chem. 58:3646–3650. 
 
Reigosa MJ, Sánchez-Moreiras A, González L. (1999). 'Ecophysiological Approach in Allelopathy', 
Crit. Rev. Plant Sci.18:577-608. 
 
Reuter DJ, Robinson JB. (1997). Plant analysis—an interpretation manual. CSRIO, Collingwood. 
 
Relyea RA. (2005). The Lethal Impact of Roundup on Aquatic and Terrestrial Amphibians. Ecol. 
Appl. 15:1118-1124. 
 
Richard EP Jr, Slife FW. (1979). In vivo and in vitro characterization of the foliar entry of 
glyphosate in hemp dogbane (Apocynum cannabinum). Weed Sci. 27:426-433. 
 
Rodrigues JV, Worsham DA, Corbin FT. (1982). Exudation of Glyphosate from Wheat (Triticum 
aestivum) Plants and Its Effects on Interplanted Corn (Zea mays) and Soybeans (Glycine max). Weed 
Sci. 30:316-320. 
 
Roider CA, Griffin JL, Harrison SA, Jones CA. (2007). Wheat response to simulated glyphosate 
drift. Weed Technol. 21:1010-1015. 
 
Römheld V, Bott S, Tesfamariam T, Neumann G. (2008). Fehler mit Totalherbiziden vermeiden. 
DLZ 9:44–48. 
 
Rueppel ML, Brightwell BB, Schaefer J, Marvel J. (1977). Metabolism and degradation of 
glyphosate in soil and water. J. Agric. Food. Chem. 25:517–528.  
 
Schnürer Y, Persson P, Nilsson M, Nordgren A, Giesler R. (2006). Effects of surface sorption on 
microbial degradation of glyphosate. Environ. Sci. Technol. 40:4145–4150. 
 
Schönherr J, Schreiber L. (2004). Interactions of calcium ions with weakly acidic ingredients slow 
cuticular penetration: A case study with glyphosate. J. Agric. Food Chem. 51:6546-6551.  
 
Schulz A, Munder T, Hollaender-Czytko H, Amrhein N. (1990). Glyphosate transport and early 
effects on shikimate metabolism and its compartmentation in sink leaves of tomato and spinach plants 
(1990) Zeitsch. Naturforsch. 45:529-534. 
 
 Schwarzenbach RP, Gschwend PM, Imboden DM. (1993). Environmental Organic Chemistry. 
John Wiley & Sons, Inc., New York, NY. 
 
Scott B. (2006). Glyphosate drift causing damage in Arkansas rice fields. Delta Farm Press online 
edition. http://deltafarmpress.com/mag/farming_glyphosate_drift_causing/. 
 
Sergiev IG, Alexieva VS, Ivanov SV, Moskova II, Karanov EN. (2006). The phenylurea cytokinin 
4PU-30 protects maize plants against glyphosate action. Pestic Biochem Physiol 85:139-146. 
 
References 
 
  
193
Service RF. (2007). A growing threat down on the farm. Science 316:1114-1117. 
 
Shaner DL, Lyon JL. (1980). Stomatal cycling in Phaseolus vulgaris L. in response to glyphosate. 
Plant Science Letters 15:83-87. 
 
Sheals J, Sjöberg S, Persson P. (2002). Adsorption of glyphosate on goethite: molecular 
characterization of surface complexes. Environ. Sci. Technol. 36:3090–3095. 
 
Silva, C.M.M., L. R. Ferreira, F. A. Ferreira, and G. V. Miranda. (2004). Root exudation of 
imazapyr by eucalyptus cultivated in soil. Planta Daninha. 22:109–116. 
 
Singh BK, Shaner DL. (1998). Rapid determination of glyphosate injury to plants and identification 
of glyphosate-resistant plants. Weed Technol. 12:527–530. 
 
Skinkis P. (2009). Determining impacts of herbicide damage in Oregon Vineyards. Oregon State 
University  
 
Smiley RW, Ogg AG, Cook RJ. (1992). Influence of glyphosate on Rhizoctonia root rot, growth, and 
yield of barley. Plant Dis. 76:937–942. 
 
Sørensen SR, Schultz A, Jacobsen OS and Aamand J. (2006). Sorption, desorption and 
mineralisation of the herbicides glyphosate and MCPA in samples from two Danish soil and 
subsurface profiles. Environ. Pollut. 141:184–194. 
 
 Sprankle P, Meggitt WF, Penner D. (1975a). Rapid inactivation of glyphosate in the soil. Weed Sci. 
23:224-228. 
 
Sprankle P, Meggitt WF, Penner D. (1975b). Adsorption, mobility, and microbial degradation of 
glyphosate in the soil. Weed Sci. 23:229-234. 
 
Sprankle P, Meggitt WF, Penner D. (1975c). Adsorption, action and translocation of 
glyphosate.Weed Sci. 23, 235–240. 
 
Steckel GJ, Hart SE, Wax LM. (1997). Absorption and Translocation of Glufosinate on Four Weed 
Species. Weed Sci. 45:378-381. 
 
Strange-Hansen R, Holm PE, Jacobsen OS, Jacobsen CS (2004). Sorption, mineralization and 
mobility of N- (phosphonomethyl)glycine (glyphosate) in five different types of gravel. Pest. Manag. 
Sci. 60:570–578. 
 
Subramaniam V, Hoggard PE. (1988). Metal complexes of glyphosate. J. Agri. Food Chem. 
36:1326-1329. 
 
Swoboda R. (2004). Injury Symptoms on Soybean-Herbicide Damage? Wallaces Farmer online 
edition July 2004. 
 
Taylor J. (2002). Clarity injury on soybean. University of Delaware Extension service College of 
Agricultural and natural resources. www.rec.udel.edu/Update02/Issue%2013%202002.htm. 
 
Taylor M, Hartnell G, Lucas D, Davis S, Nemeth M. (2007). Comparison of broiler performance 
and carcass parameters when fed diets containing soybean meal produced from glyphosate-tolerant 
(MON 89788) control, or conventional reference soybeans. Poult. Sci. 86:2608-2614. 
 
Tesfamariam T. (2003). Effects of P-deficiency induced Root exudation on Mo-acquisition in 
leguminous plants. diploma thesis, Universität of Hohenheim, Stuttgart, Germany.  
 
References 
 
  
194 
 
Tesfamariam T, Bott S, Römheld V, Neumann G. (2009). Fate of glyphosate stored in weed 
residues and the potential of phytotoxicity for following crops. Proceedings of the XVI. International 
Plant Nutrition Colloquium paper 1261, University of Califonia (Davis) 
(http://www.escholarship.org/uc/item/6b02p0xt)Tesfamariam. 
 
Tesfamariam T. (2009). Glyphosate use in Agro-Ecosystems: Identification of key factors for a better 
risk assessment. Ph.D Dissertation, Universität Hohenheim, Stuttgart, Germany. 
 
Thomas WE, Burke IC, Robinson BL, Pline-Srnić WA, Edmisten KL, Wells R, Wilcut JW. 
(2005). Yield and Physiological Response of Nontransgenic Cotton to Simulated Glyphosate Drift. 
Weed Technol. 19:35-42. 
 
Thompson DG, Pitt DG, Buscarini T, Staznik B, Thomas DR. (1994). Initial deposits and 
persistence of forest herbicide residues in sugar maple foliage. Can. J. Forest Res. 25:2261–2262. 
 
Thompson IA, Huber DM. (2007). Manganese and plant disease. pp. 139–153 In: Datnoff, L.E., 
Wade, H.E., Huber, D.M. (Eds.), Mineral Nutrition and Plant Disease. The American 
Phytopathological Society, St. Paul, MN, USA. 
 
Tilquin M, Peltier JP, Marigo G. (2000). Mechanisms for the coupling of iron and glyphosate 
uptake in Catharanthus roseus cells. Pestic. Biochem. Physiol. 67:145-154. 
 
Tsui MTK, Chu LM. (2003). Aquatic toxicity of glyphosate-based formulations: Comparison 
between different organisms and the effects of environmental factors. Chemosphere 52:1189-1197. 
 
 USEPA. (1998). Guidelines for Ecological Risk Assessment. U.S. Environmental Protection Agency, 
Risk Assessment Forum, Washington, DC, http://oaspub.epa.gov/eims/eimsapi.dispdetail?deid=12460. 
VDLUFA. (2004). Bestimmung von Magnesium, Natrium und den Spurennährstoffen Kupfer, 
Mangan, Zink, und Bor im Calciumchlorid/DTPA-Auszug. VDLUFAMethodenbuch I, A 6.4.1., 
VDLUFA-Verlag, Darmstadt, Germany. 
 
Velini ED, Alves E, Godoy MC, Meschede DK, Souza RT, Duke SO. (2008). Glyphosate applied at 
low doses can stimulate plant growth. Pest. Manage. Sci. 64:489-496. 
 
Vereecken H. (2005). Mobility and leaching of glyphosate: a review. Pest. Manag. Sci. 61:1139–
1151. 
 
von Wirén-Lehr S, Komossa D, Glaesgen WE, Sandermann Jr H, Scheunert I. (1997). 
Mineralization of [14C] Glyphosate and its plant-associated residues in arable soils originating from 
different farming systems. Pestic. Sci. 54:436–442. 
 
Wackett LP, Shames SL, Venditti CP and Walsh CT. (1987). Bacterial carbon–phosphorus lyase: 
products, rates and regulation of phosphonic and phosphinic acid metabolism. J. Bacteriol. 169:710–
717. 
Wagner R, Kogan M, Parada AM. (2003). Phytotoxic activity of root absorbed glyphosate in corn 
seedlings (Zea mays L.). Weed Biol. Manag. 3: 228–232. 
 
Wakelin AM, Lorraine-Colwill DF, Preston C. (2004). Glyphosate resistance in four different 
populations of Lolium rigidum is associated with reduced translocation of glyphosate to meristematic 
zones Weed Res. 44:453-459. 
 
Waller GR, Krenzer EG, McPherson JK, McGown SR. (1987). Allelopathic compounds in soil 
from no tillage vs. conventional tillage in wheat production. Plant Soil 98: 5-15. 
 
References 
 
  
195
Wang YJ, Zhou DM, Sun RJ, Jia DA, Zhu HW, Wang SQ (2008). Zinc adsorption on goethite as 
affected by glyphosate. J. Hazard. Mater. 151:179–184. 
 
World Health Organization (WHO). (1994). International Programm on Chemical Safety: 
Environmental Health Criteria 159: Glyphosate. 
http://www.inchem.org/documents/ehc/ehc/ehc159.htm 
Wolf TM, Grover R, Wallace K, Shewchuk SR, Maybank J. (1992). Effect of protective shields on 
drift and deposition characteristics of field sprayers. pp 29–52 In The Role of Application Factors in 
the Effectiveness and Drift of Herbicides. Regina, SK: Agriculture Canada. 
 
Wyrill J, Ill B, O.C. Burnside OC. (1976). Absorption, translocation, and metabolism of 2.4-D and 
glyphosate in common milkweed and hemp dogbane. Weed Sci. 24:557-566. 
 
Yakovleva GM, Kim SK, Wanner BL. (1998). Phosphate independent expression of the carbon–
phosphorus lyase activity of Escherichia coli. Appl. Microbiol. Biotechnol. 49:573–578. 
 
Yamada T. 2006. POTAFOS Informac¸ ões. Agronômicas 15:22–23. 
 
Yamada T, Kremer RJ, de Camargo e Castro PR, Wood BW. (2009). Glyphosate interactions with 
physiology, nutrition, and diseases of plants: Threat to agricultural sustainability? Eur. J. Agron. 
31:111-113. 
 
Yasuor H, Abu-Abied M, Belausov E, Madmony A, Sadot E, Riov J, Rubin B. (2006). 
Glyphosate-induced anther indehiscence in cotton is partially temperature dependent and involves 
cytoskeleton and secondary wall modifications and auxin accumulation, Plant Physiol. 141:1306-
1315. 
 
Yu Q, Abdallah I, Han H, Owen M, Powles S. (2009) Distinct non-target site mechanisms endow 
resistance to glyphosate, ACCase and ALS-inhibiting herbicides in multiple herbicide-resistant 
Lolium rigidum. Planta 230:713-723. 
 
Zablotowicz RM, Reddy KN. (2007). Nitrogenase activity, nitrogen content, and yield responses to 
glyphosate in glyphosate-resistant soybean. Crop Prot. 26:370–376. 
 
Zhou DM, Wang YJ, Cang L, Hao XZ, Luo XS. (2004). Adsorption and cosorption of cadmium and 
glyphosate on two soils with different characteristics Chemosphere 57:1237-1244. 
  
Zobiole LHS, de Oliveira Jr RS, Huber DM, Constantin J, de Castro C, de Oliveira FA, de 
Oliveira Jr A. (2010a). Glyphosate reduces shoot concentrations of mineral nutrients in glyphosate-
resistant soybean. Plant Soil 328:57-69. 
 
Zobiole LHS, Oliveira Jr RS, Kremer RJ, Constantin J, Bonato CM, Muniz AS. (2010b) Water 
use efficiency and photosynthesis of glyphosate-resistant soybean as affected by glyphosate. Pest.. 
Biochem. Physiol. 97:182-193. 
 
Zobiole LHS, de Oliveira Jr RS, Kremer RJ, Muniz AS, de Oliveira Jr A. (2010c). Nutrient 
accumulation and photosynthesis in glyphosate-resistant soybeans is reduced under glyphosate use. J. 
Plant Nutr. 33:1860-1873 
List of Tables 
 
  
196 
 
12 List of tables 
Tab. 2.1 Physical and chemical properties of glyphosate .......................................................... 8 
Tab. 4.1 Shoot and root dry matter of sunflower plants depending on glyphosate 
application method and waiting time .................................................................................. 48 
Tab. 4.2 Shoot and root dry matter of sunflower plants depending on glyphosate 
application method and waiting time .................................................................................. 48 
Tab. 4.3 Intracellular shikimate accumulation in the root tissue of sunflower seedlings 
grown on an acidic Arenosol, depending on glyphosate application method and waiting 
time ...................................................................................................................................... 49 
Tab. 5.1 Damage index of plants at the field sites of Dusslingen, Tauberbischofsheim and 
Bad Rappenau ...................................................................................................................... 65 
Tab. 5.2 Parameters of plant damage of winter wheat plants .................................................. 66 
Tab. 5.3 Germination of winter wheat depending on waiting time and density of 
glyphosate-treated weeds ..................................................................................................... 70 
Tab. 6.1 Scoring of plant damage in glyphosate-sensitive (GS) and glyphosate-resistant 
(GR) soybean depending on glyphosate application and soil type in early growth stages . 87 
Tab. 6.2 Scoring of plant damage in glyphosate-sensitive (GS) soybean depending on soil 
type and density of glyphosate-treated weeds in early growth stages ................................. 88 
Tab. 6.3 Scoring of plant damage in glyphosate-sensitive (GS) and glyphosate-resistant 
(GR) soybean depending on glyphosate application and soil type in mid vegetation 
period ................................................................................................................................... 91 
Tab. 6.4 Scoring of plant damage in glyphosate-sensitive (GS) soybean depending on soil 
type and density of glyphosate-treated weeds in mid vegetation period ............................. 92 
Tab. 6.5 Scoring of plant damage in glyphosate-sensitive (GS) and glyphosate-resistant 
(GR) soybean depending on glyphosate application and soil type in late vegetation 
period ................................................................................................................................... 94 
Tab. 6.6 Scoring of plant damage in glyphosate-sensitive (GS) soybean depending on soil 
type and density of glyphosate-treated weeds in late vegetation period ............................. 95 
Tab. 7.1 SPAD-values of the youngest fully developed leaf of soybean, maize and winter 
wheat plants depending on glyphosate root supply ........................................................... 108 
Tab. 7.2 Shoot and root biomass of soybean, maize and winter wheat plants depending on 
glyphosate root supply ....................................................................................................... 111 
Tab. 7.3 Shoot and root biomass of soybean, maize and winter wheat plants depending on 
glyphosate root supply ....................................................................................................... 113 
Tab. 7.4 Micronutrient concentrations in shoots of soybean, maize and winter wheat plants 
depending on glyphosate root supply ................................................................................ 114 
Tab. 8.1 Soil characteristics ................................................................................................... 122 
List of Tables 
 
  
197
Tab. 8.2 Scoring of symptoms of plant damage in soybean grown on five contrasting soils 
depending on glyphosate soil incubation and P fertilisation ............................................. 126 
Tab. 8.3 Plant growth of soybean grown on five contrasting soils depending on glyphosate 
soil incubation and P fertilisation ...................................................................................... 128 
Tab. 8.4 Germination of soybean grown on five contrasting soils depending on glyphosate 
soil incubation and P fertilisation ...................................................................................... 130 
Tab. 8.5 Accumulation of shikimate in root tissue of soybean grown on five contrasting 
soils depending on glyphosate soil incubation and P fertilisation ..................................... 131 
Tab. 8.6 Phosphorus status of soybean plants grown on five contrasting soils depending on 
glyphosate soil incubation and P fertilisation .................................................................... 133 
Tab. 8.7 Nutrient concentrations in shoots of soybean grown on five contrasting soils 
depending on glyphosate soil incubation and P fertilisation ............................................. 135 
Tab. 9.1 Plant biomass of glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean depending on Manganese supply and glyphosate application ............................. 149 
Tab. 9.2 Soluble and insoluble micronutrient (Mn, Zn, Fe) fractions in leaves of 
glyphosate-sensitive (GS) and glyphosate-resistant (GR) soybean depending on soil 
type and glyphosate application ........................................................................................ 155 
List of Figures 
 
  
198 
 
13 List of figures 
Fig. 2.1: Structural formula of glyphosate (N-(phosphonomethyl)glycine) .............................. 7 
Fig. 2.2: Shikimate pathway of higher plants ........................................................................... 12 
Fig. 2.3: Physiological steps in the shikimate pathway and subsequent pathways of 
secondary metabolism of phenolic compounds requiring specific (metal) cofactors ......... 14 
Fig. 2.4: Microbial degradation of glyphosate in soils via the sarcosine- or AMPA 
pathway ................................................................................................................................ 18 
Fig. 3.1: Visual effects of different methods for glyphosate application on winter wheat ...... 35 
Fig. 3.2: Shoot and root biomass of winter wheat plants depending on glyphosate 
application method .............................................................................................................. 36 
Fig. 3.3: Intracellular shikimate concentrations in root tissue of winter wheat depending on 
glyphosate application method ............................................................................................ 37 
Fig. 3.4: Visual effects and plant biomass of soybean depending on glyphosate application 
method ................................................................................................................................. 39 
Fig. 4.1: Shoot and root development of sunflower depending on glyphosate application 
method ................................................................................................................................. 45 
Fig. 4.2: Germination and seedling development of sunflower plants depending on 
glyphosate application method ............................................................................................ 47 
Fig. 4.3: Intracellular shikimate accumulation in the root tissue of sunflower seedlings 
grown on a calcareous loess subsoil, depending on glyphosate application method and 
waiting time ......................................................................................................................... 50 
Fig. 4.4: Manganese concentration in the youngest fully expanded leaves of sunflower 
plants grown on an acidic Arenosol depending on glyphosate application method and 
waiting time ......................................................................................................................... 51 
Fig. 4.5: Manganese concentration in the youngest fully expanded leaves of sunflower 
plants grown on a calcareous loess subsoil depending on glyphosate application method 
and waiting time .................................................................................................................. 52 
Fig. 5.1: Plant growth and symptoms of glyphosate-induced damage of winter wheat in 
the field, in pot experiments and in hydroponics................................................................. 64 
Fig. 5.2: Leaf deformation, biomass and shikimate concentrations of winter wheat 
depending on glyphosate and AMPA application ............................................................... 68 
Fig. 5.3: Shoot biomass of winter wheat depending on herbicide application and weed 
population ............................................................................................................................ 69 
Fig. 5.4: Shoot biomass and shikimate concentration of winter wheat depending on 
waiting time and density of glyphosate-treated weeds ........................................................ 71 
Fig. 5.5: Average yield loss of winter wheat at the field sites of Dusslingen, 
Tauberbischofsheim and Starzach depending on waiting time between glyphosate 
application and sowing ........................................................................................................ 73 
List of Figures 
 
  
199
Fig. 6.1: Germination and seedling development of glyphosate-sensitive (GS) and 
glyphosate-resistant (GR) soybean depending on glyphosate application and soil type ..... 85 
Fig. 6.2: Seedling development of glyphosate-sensitive (GS) soybean depending on 
density of glyphosate-treated weeds .................................................................................... 89 
Fig. 6.3: Visual symptoms of glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean plants after glyphosate plant application ............................................................... 93 
Fig. 6.4: Biomass and Zinc concentration in shoots of glyphosate-sensitive (GS) and 
glyphosate-resistant (GR) soybean depending on soil type and glyphosate application ..... 96 
Fig. 6.5: Shoot, root biomass and micronutrients concentrations in shoots of glyphosate-
sensitive (GS) soybean depending on soil type and density of glyphosate-treated weeds .. 97 
Fig. 7.1: Speed of development of soybean, maize and winter wheat depending on 
glyphosate root supply ....................................................................................................... 109 
Fig. 7.2: Elongation of main roots of soybean, maize and winter wheat plants depending 
on glyphosate root supply .................................................................................................. 110 
Fig. 7.3: Accumulation of shikimate in roots of soybean, maize and winter wheat plants 
depending on glyphosate root supply ................................................................................ 112 
Fig. 8.1: Visual symptoms of soybean depending on glyphosate soil incubation, induced 
by P fertilisation ................................................................................................................ 129 
Fig. 8.2: Correlation between glyphosate-induced damage and soil characteristics .............. 139 
Fig. 8.3: Correlation between glyphosate-induced damage and soil characteristics .............. 140 
Fig. 9.1: Root morphology of glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean depending on glyphosate application .................................................................. 150 
Fig. 9.2: Manganese concentration in shoots of glyphosate-sensitive (GS) and glyphosate-
resistant (GR) soybean depending on Manganese supply and glyphosate application ..... 151 
Fig. 9.3: Plant biomass of glyphosate-sensitive (GS) and glyphosate-resistant (GR) 
soybean depending on soil type and glyphosate application ............................................. 153 
Fig. 10.1: Growth and development of field grown winter wheat depending on time of 
continuous glyphosate use ................................................................................................. 165 
List of Figures 
 
  
200 
 
14 Acknowledgments 
 
First of all I would like to thank PD Dr.Günter Neumann for giving me the opportunity to 
start my Ph.D study, for the full supervision of this thesis, the patience to teach me part of his 
knowledge and finally for the corrections of this thesis. I will be very grateful for everything. 
Then, I would also like to thank Prof. W. Claupein for accepting to evaluate my Ph.D thesis as 
well as Prof. A. Fangmeier for his willingness to participate in the final examination. 
Of course I have to thank Prof. Römheld for his incredible amount of help, advice, stimulating 
discussion and ideas and finally also important corrections. I am really happy that I had the 
opportunity to work under his co-supervison.  
As the financial situation of my thesis was often not very secure, I also have to express my 
deep gratitude to Prof. N. v. Wirén and subsequently Prof. T. Müller because they were 
willing to spend some amount of their financial ressources on my research. In this regard I 
also have to thank Ms Schöllhammer for her administrative skills.  
Concerning the practical part of my work I would like to thank in particular Dr. Angelika 
Kania for teaching me how to use the HPLC. Special thanks to technical staff e.g. Ms. 
Ruckwied, Ms. Ochott, Ms. Haake, Ms. Dachtler and Mr. Bremer for helping me in many 
ways in the lab. As the field work was an important part of my study, I would like to thank the 
staff of the LTZ Augustenberg for the organization and implementation of the field trial 
programm LV115. Special thanks to Dr. K. Weiss, Mr. Maucher and Mr. Lindner for their 
time and effort during the field trials. I would also like to thank my colleague and fellow Ph.D 
student Tsehaye Tesfamariam. I hope you enjoyed the time in the “WWR” and container lab 
like me. Similarly, I would like to thank again “my” students Ulrike, Esra, Hande, Birce, 
Burcu, Yasemin, Fidaze, Ebru, and Nargiz for the nice time and efficient help. 
From the whole institute I would like to thank the “older ones” who made me feel entering a 
big family and especially my first supervisor Markus Weinmann, but also Susanne, Soichi, 
Anne, Bülent, Joseph, Ayumi, Lixing, Joni, Bernhard and Claudia.  
I would like to say special thank you to Lucile. Thank for your support, your patience, your 
help when I was very late in the lab, your corrections of the written part and the 
encouragement up to the last minute of writing this thesis. For me your effort was really 
something very special which I will never forget. 
Last but not least I have to thank my family, my parents, but also my sister Katrin and brother 
Florentin, who always supported me with humor and love and were always present when I 
needed them most. I could never thank enough to show my love. Vielen Dank. 
Curriculum vitae 
 
  
201
15 Curriculum vitae 
 
Address: Am Bahnrain 9, 36145 Hofbieber, Germany 
Cell phone: +49 (0)177 329 588 2 
E-Mail: SebastianBott@gmx.de 
Date of birth: 22. December 1978, Fulda, Germany 
Nationality: German  
 
 
EDUCATION 
 
10/2003 - 10/2005: Master of Science (Agronomy) University Hohenheim  
Institute for Plant Nutrition/ Department of Environmental Sciences, China 
Agricultural University, Beijing   
 
Master at Department of Environmental Sciences: 
“Development of a screening method for Mn-efficiency in aerobic rice genotypes” 
Grade with „good” (2,0) 
 
10/1999 - 10/2003: Bachelor of Science (Agronomy) University Hohenheim 
 
Bachelor at Institute for Plant Nutrition: 
„Influence of Biofertiliser “Vitalin SP11” on P availability of wheat “ 
Grade with „medium +“ (2,8) 
 
06/1998: A-level (Marianum, Fulda) 
 
1990 - 1998: High school (Marianum, Fulda) 
 
1985 - 1990: Primary school (Biebertalschule, Hofbieber) 
 
 
PROFESSIONAL EXPERIENCES 
 
Since 09/2007: Ph.D. student 
Institute for Plant Nutrition, University Hohenheim, Stuttgart, Germany 
Theme „ Rhizosphere processes as determinants for glyphosate damage of non-target plants” 
Supervisor: PD. Dr. Günter Neumann 
 
10/2005 - 09/2007: Research assistant 
Institute for Plant Nutrition, University Hohenheim, Stuttgart, Germany 
 
 
 
Curriculum vitae 
 
  
202 
 
PUBLICATIONS (peer-reviewed): 
 
2011/ in preparation:  S. Bott, B. Sentürk, Y. Ceylan, T. Tesfamariam, V. Römheld, G. 
Neumann (2010) Important factors for rhizosphere transfer of glyphosate: II. Role of 
differences in sensitivity of crops to glyphosate.  
 
2011/ in preparation:  S. Bott, B. Eman, N. Aslan, A. Kania, V. Römheld, G. Neumann 
(2010) Important factors for rhizosphere transfer of glyphosate – (I.) Role of weed density 
and soil type for phytotoxic effects in crop plants.  
 
2011/ in preparation:  S. Bott, D-J Yoon, U. Lebender, T. Tesfamariam, V. Römheld, G. 
Neumann (2010) Comparison of glyphosate application methods for investigations of the 
pathway of glyphosate transfer in the rhizosphere.  
 
2011/ in preparation:  S. Bott, U. Lebender, D.-J. Yoon, T. Tesfamariam, Y. Ceylan, Volker 
Römheld, Günter Neumann (2010) Rhizosphere transfer of glyphosate after pre-crop 
herbicide application.  
 
04/2011:  S. Bott, T. Tesfamariam, A. Kania, B. Eman, N. Aslan, V. Römheld, G. Neumann 
“Phytotoxicity of glyphosate soil residues re-mobilised by phosphate fertilisation”, Plant 
and Soil 342:249-263 
 
08/2009:  T. Tesfamariam, S. Bott, V. Römheld, G. Neumann (2009). Fate of glyphosate 
stored in weed residues and the potential of phytotoxicity for following crops. Proceedings 
of the XVI. International Plant Nutrition Colloquium paper 1261, University of Califonia 
(Davis) (http://www.escholarship.org/uc/item/6b02p0xt)Tesfamariam. 
 
08/2009:  S. Bott, U. Lebender, D.-J. Yoon, T. Tesfamariam, Volker Römheld, Günter 
Neumann (2010) Evidence for glyphosate damage of winter wheat depending on waiting-
times after pre-crop glyphosate application and density of desiccated weed plants under 
field and experimental conditions Proceedings of the XVI. International Plant Nutrition 
Colloquium, University of Califonia (Davis) 
(http://www.escholarship.org/uc/item/25v599pr?display=all#page-2) 
 
02/2009: T. Tesfamariam, S. Bott, I. Cakmak, V. Römheld, G. Neumann „Glyphosate in the 
rhizosphere – Role of waiting times and different glyphosate binding forms in soils for 
phytotoxicity to non-target plants”, European Journal of Agronomy. 31:126–132 
 
08/2008: S. Bott, T. Tesfamariam, H. Candan, I. Cakmak, V. Römheld, G. Neumann „Glyphosate-
induced impairment of plant growth and micronutritional status of glyphosate-resistent soybean 
(Glycine max L.)”, Plant and Soil 312:185-194  
 
 
 
 
Curriculum vitae 
 
  
203
PUBLICATIONS ( not peer-reviewed): 
 
05/2010:  S. Bott, T. Tesfamariam, G. Neumann, V. Römheld (2010) Glyphosatherbizide in der 
Rhizosphäre – Risiken bei der Vorssatbehandlung? In Steuerungsfaktoren von 
Rhizosphärenprozessen. 19. Borkheider Seminar zur Ökophyiologie des Wurzelraumes. Verlag 
Grauer, Stuttgart 
 
08/2008: V. Römheld, S. Bott, T. Tesfamariam, K. Weiss, G. Neumann“Fehler mit Totalherbiziden 
vermeiden” DLZ-Magazin, Ausgabe 09/2008, S. 44-47 
 
 
PARTICIPATIONS TO CONGRESSES 
 
09/2009: Poster: Bott, U. Lebender, D.-J. Yoon, T. Tesfamariam, Volker Römheld, Günter 
Neumann (2010) Evidence for glyphosate damage of winter wheat depending on waiting-
times after pre-crop glyphosate application and density of desiccated weed plants under 
field and experimental conditions Proceedings of the XVI. International Plant Nutrition 
Colloquium, University of Califonia (Davis) 
 
09/2008: Presentation: S. Bott, T. Tesfamariam, V. Römheld, G. Neumann „Glyphosatherbizide in 
der Rhizosphäre – Risiken in der Vorssaatbehandlung”, im Rahmen der “Wissenschaftlichen 
Arbeitstagung zur Ökophysiologie des Wurzelraumes“, 24. September 2008, Speyer, Deutschland  
 
09/2008: Poster: S. Bott, T. Tesfamariam, V. Römheld, G. Neumann „Glyphosatherbizide in der 
Rhizosphäre – Risiken in der Vorssaatbehandlung”, Jahrestagung der „Deutschen Gesellschaft für 
Pflanzenernährung“ (DGP), 23.-24. September 2008, Speyer, Deutschland 
 
08/2007: Poster: S. Bott, T. Tesfamariam, H. Candan, I. Cakmak, V. Römheld, G. Neumann 
„Glyphosate-induced impairment of plant growth and micronutritional status of glyphosate-
resistent soybean (Glycine max L.)”. 26.-31. August 2007, “Rhizosphere 2”, Montpellier, 
Frankreich 
 
08/2006: Poster: S. Bott, T. Tesfamariam, V. Römheld, G. Neumann „Effects of different waiting 
times after pre-crop glyphosate application on non-target plants”. “Plant Nutrition meets Plant 
Breeding – 1st Joint Conference of the German Society for Plant Nutrition (DGP) and the 
Research Centre Biotechnology and Plant Breeding”in Stuttgart-Hohenheim 
 
 
 
 
 
 
Curriculum vitae 
 
  
204 
 
SUPERVISING EXPERIENCES 
 
03/2010: Supervision of undergraduate students on „Diagnostic of nutritional disorder in plants” 
 
07-08/2009: Supervision of three students in the program I.A.E.S.T.E. (International Association for 
the Exchange of Students for Technical Experiences) 
 
10/2008-06/2009: Supervision of two Master students 
 
07-08/2008: Supervision of two students in the program I.A.E.S.T.E. (International Association for 
the Exchange of Students for Technical Experiences)  
 
04-10/2007: Supervision of a Master student 
 
04-07/2006: Supervision of Bachelor- and Master- students on „Ecological execices in plant 
nutrition“  
 
 
OTHER EXPERIENCES 
 
06/2006: Participation to IP-Socrates Euroleague for Life Science Summer University (University for 
Soil Science, Vienna, Austria) 
 
09/2004-02/2005: Visit at China Agricultural University (CAU) for Master (Beijing, V.R. China) 
 
 
LANGUAGES AND COMPUTER SCIENCE 
 
Computer science: 
Microsoft Office softwares: excellent 
Adobe softwares: very good 
Microsoft software WinRhizo Pro: very good  
Statistics software SigmaStat: very good 
 
Languages: 
German: mother tongue 
English: fluent 
8-week school exchange in Melbourne (Australia)  
 
 
 
